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The S t a t i c  I n v e r t e r  conve r t s  and c o n d i t i o n s  a v a i l a b l e  DC power 
t o  400 H z  quasi -square  wave power t o  d r i v e  t h e  pump motor 
assembly i n  t h e  coo lan t  loop of  t h e  Brayton Power Conversion 
System, The S t a t i c  I n v e r t e r  h a s  a  t e s t e d  e f f i c i e n c y  o f  94% and 
a c a l c u l a t e d  Mean Time Between F a i l u r e  of  88511 hours .  
The r e p o r t  c o n t a i n s  a  t e x t  of  t h e  theory  o f  ope ra t ion ,  e l e c t r i c a l  
and mechanical des ign  drawings, r e l i a b i l i t y  c a l c u l a t i o n s ,  p a r t s  
s e l e c t i o n ,  stress a n a l y s i s ,  thermal  c a l c u l a t i o n s ,  and t y p i c a l  
test  r e s u l t s .  
SUMMARY 
The NASA Lewis Research Center i s  c u r r e n t l y  engaged i n  a  Brayton 
space  power technology program. The Brayton Power Conversion 
System (PCS) has  a p p l i c a b i l i t y  f o r  s o l a r ,  r a d i o i s o t o p e s ,  and 
nuc lea r  space power systems. The i n i t i a l  demonstra t ion system 
h a s  a  n e t  ou tpu t  power range of 2.25 t o  10.5 kW a t  1200 Hertz .  
The Brayton PCS i s  designed t o  o p e r a t e  unat tended i n  space f o r  
f i v e  (5)  yea r s .  
The S t a t i c  I n v e r t e r  Program was conducted a t  Gulton I n d u s t r i e s ,  
Inc  , , Engineered Magnetics Div is ion ,  under a  sub-contract  f o r  
t h e  Borg-Warner Corporat ion,  Pesco Produc ts  Div is ion .  This  
program included t h e  design,  development, f a b r i c a t i o n ,  t e s t i n g ,  
and d e l i v e r y  of seven S t a t i c  I n v e r t e r s .  
A p o r t i o n  of  t h e  1200 Hertz  Brayton PCS e l e c t r i c a l  ou tpu t  i s  
conver ted t o  DC power. The S t a t i c  I n v e r t e r  i n v e r t s  and condi-  
t i o n s  t h i s  a v a i l a b l e  DC power (50 t o  60 VDC) t o  400 Hertz  quas i -  
square  wave power t o  d r i v e  t h e  pump motor assembly i n  t h e  cool -  
a n t  loop of t h e  Brayton PCS. 
J u d i c i o u s  c i r c u i t  des ign ,  i nc lud ing  t h e  Gulton pa t en t ed  "RIPPLE 
REGULATOR" enabled t h e  S t a t i c  I n v e r t e r  t o  a t t a i n  an e f f i c i e n c y  
of 94%. With t h e  u se  o f  Ultra-High Re1iab i l i t .y  components, t h e  
c a l c u l a t e d  Mean Time Between F a i l u r e  o f  t h e  S t a t i c  I n v e r t e r  i s  
88511 hours .  
This r e p o r t  c o n t a i n s  a  t e x t  o f  t h e  theory  o f  o p e r a t i o n ,  e l e c t r i -  
c a l  and mechanical des ign  drawings, r e l i a b i l i t y  c a l c u l a t i o n s ,  
p a r t s  s e l e c t i o n ,  s t r e s s  a n a l y s i s ,  thermal  c a l c u l a t i o n s ,  and 
t y p i c a l  t e s t  r e s u l t s ,  
This  program was conducted wi th  a  minimum of des ign ,  f a b r i c a t i o n ,  
and t e s t i n g  problems. The S t a t i c  I n v e r t e r  meets o r  exceeds a l l  
requirements  of  t h e  S t a t i c  I n v e r t e r  S p e c i f i c a t i o n .  
INTRODUCTION 
The EMIU104D S t a t i c  I n v e r t e r  conver t s  and c o n d i t i o n s  a v a i l a b l e  
DC power (50  t o  60 VDC) t o  t h e  s p e c i f i c  requirements  of t h e  
p u ~ p  ro,st,jr assemk': f o r  use i n  a  Brayton Power Conversion System. 
There were no major problems encountered du r ing  t h e  des ign ,  
development, o r  f a b r i c a t i o n  phases of t h e  program. Problems 
t h a t  d i d  occur  were overcome by accomplishing e l e c t r i c a l  o r  
mechanical des ign  changes t o  t h e  u n i t .  
During t h e  p re l imina ry  des ign  phase of t h e  program, des ign  and 
assembly d e t a i l s  d e f i n i n g  o p e r a t i n g  parameters  and des ign  en- 
velope f o r  Engineered Magnetics Model mIUl04D S t a t i c  I n v e r t e r  
were accomplished, a  s a t i s f a c t o r y  b a s e l i n e  w a s  e s t a b l i s h e d ,  and 
pre l iminary  schemat ic  drawings of t h e  S t a t i c  I n v e r t e r  were ob- 
t a i n e d ,  Engineered Magnetics Q u a l i t y  Program Plan and Rel ia -  
b i l i t y  Program P lan  f o r  S t a t i c  I n v e r t e r  mIU104D were w r i t t e n  
and submit ted t o  Pesco Produc ts .  
The mechanical d e s i g n  of t h e  S t a t i c  I n v e r t e r  was de f ined  and 
s u f f i c i e n t  work w a s  accomplished t o  de te rmine  t h a t  no major 
problems e x i s t e d  i n  t h e  a r e a s  of h e a t  t r a n s f e r ,  mounting p o s i t i o n ,  
o r  packaging of  t h e  I n v e r t e r .  A p re l imina ry  r e l i a b i l i t y  e s t i m a t e  
was c a l c u l a t e d  f o r  t h e  companent p a r t s  of t h e  S t a t i c  I n v e r t e r ,  
The r e l i a b i l i t y  e s t i m a t e  was r e v i s e d  and updated a f t e r  f i n a l -  
i z a t i o n  of t h e  I n v e r t e r  des ign  w a s  accomplished.  
The I n v e r t e r  mounting base  is  des igned  t o  i n t e r f a c e  w i t h  a  s e p a r a t e  
c o l d p l a t e .  I n v e r t e r  coo l ing  is accomplished by h e a t  conduct ion 
t o  t he  c o l d p l a t e .  The u n i t  is  conformal coa t ed  and t h e  case  i s  
gaske t  s e a l e d ,  
The f i n a l  e l e c t r i c a l  design,  l i s t  of m a t e r i a l s ,  and mechanical 
conf igura t ion  of t h e  EMIU104D S t a t i c  I n v e r t e r  a r e  presented i n  
Appendix I. 
Waveform photographs obtained during t h e  performance t e s t s  con- 
ducted on t h e  breadboard model of t h e  S t a t i c  I n v e r t e r  and Ac- 
ceptance Test  Record Forms a r e  presented i n  Appendix 11. 
FINAL DESIGN 
The schematic, outline, and f i n a l  assembly drawings of 
Engineered Magnetics Model EMIU104D S t a t i c  I n v e r t e r  a r e  
presented i n  Appendix I. 
A ,  E l e c t r i c a l  Design. 
The S t a t i c  I n v e r t e r  opera tes  wi th  an input  vol tage  of 50 
t o  60 VDC (56 VDC r a t e d )  and maintains a  quasi-square 
wave, 400 H z  AC peak output  vol tage  a t  a  l e v e l  two v o l t s  
lower than t h e  DC input  vol tage.  The i n v e r t e r  c i r c u i t s  
shown on Schematic Drawing 513634 c o n s i s t  of t h e  follow- 
ing b a s i c  s e c t i o n s ,  
1. RFI F i l t e r .  
Capaci tors  C26 and C27, and chokes L l  and L3 a r e  con- 
nected t o  form a  low-pass f i l t e r  i n  each DC input  l i n e .  
The common po in t  of t h e  c a p a c i t o r s  is connected t o  
system n e u t r a l  t o  provide low RF impedance t o  system 
n e u t r a l .  
2 .  Audio F i l t e r .  
The balanced low-pass audio f i l t e r  c i r c u i t  c o n s i s t s  
of c o i l s  A and B of choke L2, and c a p a c i t o r s  C l O A  
and C l O B .  The audio f i l t e r  has  a  cut-off  frequency 
of approximately 150 Hz  and funct ions  t o  reduce in- 
v e r t e r  induced noise  on t h e  DC bus and t o  reduce any 
r i p p l e s  o r  modulations t h a t  may appear on t h e  DC bus.  
3.  Low Level S e r i e s  Regulator. 
The vo l t age  suppl ied t o  t h e  o s c i l l a t o r  is regu la ted  
by t h e  low l e v e l  s e r i e s  r e g u l a t o r  which a l s o  funct ions  
a s  an overcurrent  p r o t e c t i o n  device.  
The vol tage  r e g u l a t i o n  c i r c u i t  c o n s i s t s  of diodes CR6 
and CR7, t r a n s i s t o r s  Q10 through Q12 ,  c a p a c i t o r s  C9A 
through C9D, and r e s i s t o r s  R32 through R37 and RQ4. 
The r e g u l a t i o n  c i r c u i t  f unc t ions  a s  fo l lows:  Q11, 
LL ~ l l e  c o n t r o l  o r  p a s s  element,  and Q i 0  a r e  connected 
a s  a  h igh  g a i n  Dar l ing ton  a m p l i f i e r ,  CR6 i s  a  v o l t a g e  
r e f e r e n c e  diode t o  which c u r r e n t  i s  supp l i ed  from t h e  
r e g u l a t o r  ou tpu t  through R33, t o  form a  very s t a b l e  
r e f e r e n c e .  R e s i s t o r s  R35 through R37 a r e  connected 
a s  a  r e s i s t a n c e  d i v i d e r  f o r  s ens ing  t h e  r e g u l a t o r  
ou tpu t  vo l t age .  Any e r r o r  s i g n a l  i s  a p p l i e d  t o  cor -  
r e c t i o n  a m p l i f i e r  Q12 and compared t o  t h e  vo l t age  
r e f e r e n c e .  The d i f f e r e n c e  i n  t h e  s i g n a l s  i s  ampl i f i ed  
by Q12 and supp l i ed  t o  Q10. Output f i l t e r  c a p a c i t o r s  
C9A through C9D a r e  connected i n  a  s e r i e s - p a r a l l e l  
combination f o r  purposes  o f  redundancy. Diode CR7 
func t ions  f o r  o v e r a l l  temperature  c o r r e c t i o n  of  t h e  
r e g u l a t o r .  R e s i s t o r s  R89, R90, and R96 form a  pa th  
f o r  t r a n s i s t o r  l eakage  c u r r e n t .  Drive  power f o r  Q11 
is supp l i ed  through r e s i s t o r  R94. The Dar l ing ton  c i r -  
c u i t  t r a n s i s t o r s  Q10 and Q11 a r e  p r o t e c t e d  from be ing  
overdr iven  by R32 which func t ions  a s  a  c u r r e n t  l i m i t i n g  
r e s i s t o r .  
The p u l s e  t u r n  on and t u r n  o f f  c i r c u i t s  a r e  made up of  
t r a n s i s t o r s  Q8 and Q9, t rans formers  T 1  and T2, diodes 
CR32 and CR33, r e s i s t o r s  R23, R27, R28, R88, R90, R B 1  
and R92, and c a p a c i t o r s  C2, C3, C6, and C7. I n i t i a l  
c o n d i t i o n s  of  app ly ing  t h e  DC bus w i t h  no t u r n  on p u l s e  
a r e  a s  fol lows:  Q9 i s  tu rned  on through t h e  R27 and C7 
t i m e  cons t an t .  (R27 and C7 a r e  f a s t e r  o p e r a t i n g  than  
R28 and C6).  With Q9 s a t u r a t e d  o r  t u rned  on,  t h e  com- 
mon p o i n t  o f  R28 and R91 i s  almost a t  ground thereby 
ho ld ing  Q8 o f f  and t h e  vo l t age  r e g u l a t o r  o f f .  When Q8 
i s  o f f ,  a  DC s i g n a l  i s  a p p l i e d  t o  t h e  r i p p l e  r e g u l a t o r  
through R97, ho ld ing  t h i s  c i r c u i t  o f f  a l s o .  
When a  t u r n  on p u l s e  i s  a p p l i e d  t o  t h e  i npu t  winding 
o f  t r a n s f o r m e r  T2 ( t e r m i n a l s  1 and  2 )  t h r o u g h  DC 
b l o c k i n g  c a p a c i t o r  C3, t h e  p u l s e  is  t r a n s f o r m e d  t o  
o u t p u t  w i n d i n g  t e r m i n a l s  3  a n d  4 ,  r e c t i f i e d  b y  CR33 
and  a p p l i e d  a c r o s s  K92. T h i s  v o l t a g e  d r i v e s  t h e  
emitter o f  Q9 more p o s i t i v e  t h a n  i t s  b a s e ,  t h e r e f o r e  
t u r n i n g  Q9 o f f .  A s  Q9 i s  g o i n g  o f f ,  t h e  common p o i n t  
o f  R28 and R91 i s  c h a n g i n g  f rom g round  t o  p o s i t i v e ,  
t u r n i n g  on Q8 and  t h e  v o l t a g e  r e g u l a t o r  c i r c u i t s .  Q8 
i s  now r e a d y  f o r  the t u r n  o f f  p u l s e  t h a t  i s  a p p l i e d  
t o  w i n d i n g  1 and  2  o f  T1, w h i c h  r e v e r s e s  t h e  t u r n  on  
p r o c e d u r e .  
I f  the AC o u t p u t  c u r r e n t  i n c r e a s e s  t o  a  l e v e l  a b o v e  a 
p r e s e t  p o i n t  ( a p p r o x i m a t e l y  1 9  amperes  WS) f o r  a  p e r i o d  
e x c e e d i n g  f i v e  s e c o n d s ,  a  s i g n a l  i s  a p p l i e d  t h r o u g h  CR3l 
f rom t h e  o v e r c u r r e n t  c i r c u i t  t o  R88 which  t u r n s  o f f  t h e  
r e g u l a t o r  i n  the same manner thata  s i g n a l  t o  the  i n p u t  
t e r m i n a l s  o f  T 1  L t ~ r l ~ s  o f f  t h e  r e q u i a t o r .  
4 ,  R i p p l e  R e g u l a t o r ,  ( U , S ,  P a t ,  No, 3 , 3 6 8 , 1 3 9  a s s i g n e d  t o  
G u l t o n  I n d u s t r i e s )  
The r i p p l e  r e g u l a t o r  i s  d i v i d e d  i n t o  f o u r  s u b - c i r c u i t s :  
P a s s  e l e m e n t  and  d r i v e  c i r c u i t s ,  
F i l t e r  s e c t i o n .  
V o l t a g e  s e n s e ,  r e f e r e n c e  a n d  c o m p a r i s o n ,  
Load c u r r e n t  demand c i r c u i t s ,  
The p a s s  e l e m e n t s  and  d r i v e  c i r c u i t s  o f  t h e  r i p p l e  
r e g u l a t o r  c o n s i s t s  o f  Ql t h r o u g h  Q5, R l  through R 4 ,  
R8, R9, R93, and  R98, 01 t h r o u g h  9 3  form a cornpound 
D a r l i n g t o n  a m p l i f i e r  w i t h  a f o r w a r d  b i a s  s u p p l y  f rom 
@A d r i v e r  s u p p l y i n g  12-5 VDC b e t w e e n  p o i n t s  Z and  2 ' -  
Q4 and  Q5 form a S c h m i t t  t r i g g e r ,  A s  the  r e g u l a t o r  
o u t p u t  volts-ye i n c r e a s e s  a b o v e  a  p r e s e t  point, Q5 i s  
t u r n e d  on t h e r e b y  t u r n i n g  o f f  t r a n s i s t o r s  Ql t h r o u g h  
Q4- A s  t h e  o u t p u t  v c l t a - y e  d e c r e a - s c s  past the  p r e s e t  
point, Q5 s w i t c h e s  o f f  a l l o w i n g  Q1 ~ I - I T o L I ~ ~ ?  Q4 t o  s w i t c h  
o n ,  T h i s  r e g u l a t o r  o p e r a t e s  i n  a s w i t c h i n g  mode and  by 

t h e  v o l t a g e  a c r o s s  t h e  common emitter  r e s i s t o r  R19 as 
t h e  base of  Q6 i s  h e l d  a t  a  f i x e d  p o i n t  by Zener d iode  
CR4 and v o l t a g e  d i v i d e r  R13 and R20. Th i s  r e d u c t i o n  
i n  emitter  v o l t a g e  b i a s e s  Q6 f u r t h e r  on and r e s u l t s  i n  
more c o l l e c t o r  c u r r e n t  f low,  which i n  t u r n  i n c r e a s e s  
t h e  v o l t a g e  drop a c r o s s  R18 and R21, R21 i s  connec ted  
i n  series w i t h  Zener d iode  r e f e r e n c e  CR5 i n  t h e  v o l t -  
age  s e n s e  and c o n t r o l  c i r c u i t .  The i n c r e a s e d  v o l t a g e  
d rop  f o r c e s  t h e  v o l t a g e  r e g u l a t o r  t o  r e g u l a t e  a t  a  
h i g h e r  o u t p u t  v o l t a g e  ... normal ly  40 v o l t s  a t  r unn ing  
l o a d  t o  45 v o l t s  a t  s t a r t i n g  l o a d .  The i n c r e a s e d  
r e g u l a t o r  v o l t a g e  goes  t o  t h e  d r i v e r  s t a g e s  where it 
i s  s u p p l i e d  a s  h i g h e r  b a s e  d r i v e  power f o r  t h e  o u t p u t  
s t a g e s  du r ing  the p e r i o d  t h a t  h i g h  o u t p u t  c u r r e n t  is  
r e q u i r e d .  CR3 i s  used f o r  t e m p e r a t u r e  compensat ion.  
R12 and R17 a r e  c u r r e n t  l i m i t i n g  r e s i s t o r s .  C4, C5, 
and C32 f u n c t i o n  as AC bypass  c a p a c i t o r s ,  
5.  O s c i l l a t o r .  
The o s c i l l a t o r  s e c t i o n  c o n s i s t s  o f  t h e  @A, G ~ B ,  and PC 
s t a g e s .  The b a s i c  g e n e r a t i o n  o f  t h e  400 Hz f requency  
is  accomplished i n  t h e  $A o s c i l l a t o r .  The PIA o s c i l l a t o r  
s t a g e  is made up o f  T3, Q13, Q14, C12 th rough  C14, CR8, 
CR9, R38, R40, and L5.  
L5 i s  a p r e c i s i o n  i n d u c t o r  and is combined w i t h  C14, a  
stable po lyca rbona t e  c a p a c i t o r ,  t o  form a series r e s o n a n t  
c i r c u i t .  The o s c i l l a t i o n s  s t a r t e d  a t  turn-on by R38, 
C13, R40 and C12, are a m p l i f i e d  by t r a n s i s t o r s  Q13 and 
Q14, and s u s t a i n e d  by r e g e n e r a t i v e  feedback t h rough  
windings  4 and 5 o f  t r a n s f o r m e r  T3, 
Diodes CR8 and CR9 p r o v i d e  r e v e r s e  bias  t o  h o l d  t h e  non- 
conduc t ing  t r a n s i s t o r  o f f  w h i l e  t h e  o t h e r  t r a n s i s t o r  i s  
on d u r i n g  t h e  h a l f  c y c l e .  A s  a n  example, assume t h a t  
t r a n s i s t o r  Q13 is t u r n e d  on. C u r r e n t  f l owing  i n  t h e  
s e r i e s  r e sonan t  c i r c u i t  p rov ides  b a s e  d r i v e  through Q13 
emi t te r -base  d iode  and through CR9 i n  a  forward d i r e c t i o n .  
The v o l t a g e  drop a c r o s s  CR9 i s  approximately 0 - 7  v o l t  and 
i s  of such a  p o l a r i t y  a s  t o  ho ld  Q14 o f f ,  The diode v o l t -  
age drop w i l l  main ta in  Q14 a t  t h e  o f f  cond i t i on  u n t i l  t h e  
resonant  c i r c u i t  c u r r e n t  r e v e r s e s  d i r e c t i o n .  A t  t h i s  t ime ,  
Q14 w i l l  s t a r t  t o  conduct  and t h e  p o l a r i t y  a c r o s s  CR8 w i l l  
ho ld  Q13 i n  t h e  nonconducting s t a t e .  T3 windings 6-7 and 
8-9 supply b a s e  d r i v e  f o r  t h e  @A d r i v e r  s t age .  Winding 
10-11 s u p p l i e s  a  synchronizing s i g n a l  t o  @C o s c i l l a t o r  
s t a g e .  Windings 12-13-14 and d iodes  CR10, CR11, and C16 
form a  f u l l  wave DC r e c t i f i e r  c i r c u i t  which s u p p l i e s  a  b i a s  
v o l t a g e  t o  t h e  ove rcu r r en t  t ime p r o t e c t i o n  c i r c u i t .  Wind- 
i n g  15 and 16 s u p p l i e s  t h e  400 Hz squarewave AC i n s t r u -  
mentat ion  frequency s i g n a l .  
S ince  t h e  c i r c u i t s  f o r  @B and @C o s c i l l a t o r s  a r e  i d e n t i -  
c a l ,  only  one w i l l  be descr ibed .  @C i s  synchronized t o  
@A; $JB is  synchronized t o  @C. 
The @C o s c i l l a t o r  is  a  f ree-running,  magnetic mul t i -  
v i b r a t o r  t h a t  i s  synchronized t o  t h e  @A o s c i l l a t o r .  
Transformer T5 windings 1-2-3 a r e  t h e  primary f o r  PC. Wind- 
ings  1 and 3 a r e  connected t o  i n d i v i d u a l  t r a n s i s t o r  c o l l e c -  
t o r s .  The r e g u l a t e d  DC power i s  supp l i ed  between winding 2 
and the  common t r a n s i s t o r  e m i t t e r s .  I n i t i a l  o s c i l l a t i o n  i s  
s t a r t e d  by a  b i a s  r e s i s t o r  (R50) connected from t r a n s i s t o r  
Q21 c o l l e c t o r  t o  t h e  b a s e  of  t r a n s i s t o r  Q22. Once o s c i l -  
l a t i o n  i s  s t a r t e d  it i s  s e l f - d r i v e n  o r  r e g e n e r a t i v e  by t r a n s -  
former windings 4-5-6. I n  t h e  b a s i c  m u l t i v i b r a t o r ,  t h e  
t rans former  c o r e  must be  s a t u r a t e d  i n  o rde r  t o  swi tch  con- 
duc t ion  t o  t h e  second t r a n s i s t o r .  The @C o s c i l l a t o r  uses  
t he  synchronizing winding, T3-10 and 11,  a n d  s a t u r a b l e  
r e a c t o r  E6 t o  swi t ch  conduct ion p r i o r  t o  s a t u r a t i o n  of t h e  
core , thus  c o n t r o l l i n g  t h e  o s c i l l a t o r  frequency. The 
s a t u r a b l e  r e a c t o r  reaches s a t u r a t i o n  a f t e r  a  time 
equiva lent  t o  120° of t h e  400 H z  s i g n a l .  The appl ied  
vol tage  then appears across  t h e  base d r ive  r e s i s t o r s  
i n  t h e  proper p o l a r i t y  t o  switch conduction totrhe 
second t r a n s i s t o r .  On t h e  second h a l f  of t h e  400 Hz 
s i g n a l  from t h e  synchronizing winding, t h e  s a t u r a b l e  
r e a c t o r  i s  forced t o  t h e  o the r  s i d e  of i ts h y s t e r e s i s  
curve towards s a t u r a t i o n  i n  t h e  r e v e r s e  d i rec t ion .  
Af ter  a  t ime equivalent  t o  120° t h e  r e a c t o r  reaches 
s a t u r a t i o n  and t h e  s i g n a l  across  t h e  base d r ive  re-  
s i s t o r s  switches conduction from t h e  second t r ans -  
i s t o r  back t o  t h e  f i r s t  t r a n s i s t o r ,  In  t h i s  manner, 
@C o s c i l l a t o r  i s  s laved t o  t h e  @A o s c i l l a t o r  and de-  
layed 240° wi th  r e s p e c t  t o  it. 
6. Driver Sect ion.  
Since a l l  t h r e e  phases of t h e  d r i v e r  s e c t i o n  a r e  
i d e n t i c a l ,  only one phase w i l l  be  descr ibed.  The 
@A d r i v e r  c o n s i s t s  of T6, Q15, Q16, R41, and R42. 
These components a r e  connected t o  form a push-pull 
power ampl i f i e r .  The regula ted  DC vol tage  is  suppl ied 
between T6-2 and t h e  common e m i t t e r  po in t .  With no 
d r i v e  s i g n a l  from @A o s c i l l a t o r ,  Q15 o r  Q16 w i l l  not 
switch and no vol tage  can be transformed t o  t h e  T6 
secondary windings 4 through 19. 
When windings T3-6 and 8 a r e  p o s i t i v e  t o  T3-7 and 9, 
Q15 w i l l  conduct, Base d r ive  c u r r e n t  is  l imi ted  by 
R41 f o r  Q15 and by R42 f o r  Q16. During t h e  h a l f  cyc le  
t h a t  Q15 i s  conducting, Q16 i s  b iased  o f f  and power i s  
transformed t o  a l l  secondary windings. The next h a l f  
cyc le ,  when t h e  T3 winding has  reversed p o l a r i t y ,  Q15 
i s  dr iven o f f  and Q16 is  on. 
7 .  Output Power Sec t ion .  
The ou tpu t  power s t a g e  i s  a  th ree-phase  f u l l  wave 
b r idge  connect ion.  For ease  of  d e s c r i b i n g  t h i s  c i r -  
c u i t ,  t h e  p a r a l l e l  components w i l l  no t  b e  considered.  
S ince  t h e  i n d i v i d u a l  phase s t a g e s  a r e  i d e n t i c a l ,  only  
t h e  g A  w i l l  b e  descr ibed .  
The ou tpu t  power s e c t i o n  i s  made up of  t r a n s i s t o r s  
Q28 and Q29, base  d r i v e  r e s i s t o r s  R55 and R56, re- 
v e r s e  c u r r e n t  d iodes  C R 1 2  through CR15, choke T#13_A 
and diodes  CR36 and CR37. Power t r a n s i s t o r s  Q28 and 
Q29 o b t a i n  b a s e  d r i v e  from windings T6-8 and 9, and 
T6-13 and 1 2  r e s p e c t i v e l y  on t h e  d r i v e  t r ans fo rmers .  
The p o l a r i t i e s  a p p l i e d  t o  t h e  base- to -emi t te r  j unc t ions  
d r i v e  one t r a n s i s t o r  i n t o  conduct ion wh i l e  i t s  s e r i e s  
mate i s  d r iven  i n t o  cu t -of f  du r ing  one h a l f  c y c l e  and 
then  t h e  p o l a r i t i e s  swi tch  t h e  t r a n s i s t o r s  i n t o  a  r e -  
v e r s e  c o n d i t i o n  dur ing  t h e  o t h e r  h a l f  cyc l e .  Therefore ,  
t h e  @A l ead  is  a l t e r n a t e l y  connected t o  p o s i t i v e  and 
nega t ive  input  l e a d s  through a  power t r a n s i s t o r .  The 
r e v e r s e  c u r r e n t  d iodes  a r e  connected a c r o s s  t h e  c o l -  
l e c t o r - t o - e m i t t e r  of each power t r a n s i s t o r .  These 
diodes prov ide  a  p a t h  f o r  t h e  kickback c u r r e n t  from 
t h e  motor l oad ,  Choke LllA is  connected i n  s e r i e s  
w i t h  t h e  DC bus  and appears  f o r  approximately 10 micro- 
seconds a s  a  h i g h  impedance t o  t h e  DC c u r r e n t .  This  
t ime du ra t ion  a l lows  f o r  t h e  wors t  c a s e  swi tch ing  tirnos 
of t h e  power t r a n s i s t o r s  ( t h e  d i f f e r e n c e s  i n  t u r n  on 
vs  t u r n  o f f  t i m e s ) .  Diodes CR36 and CR37 form a  r e -  
dundant d i s cha rge  p a t h  f o r  L l l A  dur ing  t h e  t i m e  pe r iod  
t h a t  it i s  no t  a t  h igh  impedance, 
The i n d i v i d u a l  t r a n s i s t o r  e m i t t e r - c o l l e c t o r  v o l t a g e  
waveforms a r e  squarewave, b u t  t h e  v o l t a g e  a c r o s s  any 
two phases  combine t o  form a  quas i - square  waveform 
a s  r equ i r ed  by t h e  Pesco Products  S p e c i f i c a t i o n .  
8. Voltage Sense Signal .  
For instrumentat ion requirements t h e r e  a r e  two DC s ig -  
na ls  t h a t  a r e  propor t ional  t o  t h e  r m s  ou tput  vol tages  
f o r  phases AB and CA. The @B c i r c u i t  c o n s i s t s  of T9, 
CR24, CR25, L9, C18, R76 and R77. Components f o r  @A 
a r e  T11 ,  CR29, CR30, LlO, C22, R86 and R87. 
Transformer T9 provides i s o l a t i o n  and vo l t age  step-down, 
Diodes CR24 and CR25 wi th  T9 windings 3-4-5 form a  f u l l  
wave, c e n t e r  t a p  r e c t i f i e r  c i r c u i t .  L9 and C18 form a  
low pass f i l t e r  s e c t i o n  t h a t  supp l i e s  a w e l l  f i l t e r e d  
DC vol tage  t o  t h e  instrumentat ion output .  R76 and R77 
a r e  f a c t o r y  c a l i b r a t i o n  r e s i s t o r s .  
9. Overcurrent Time Pro tec t ion .  
This c i r c u i t  performs t h e  funct ion  which t u r n s  of f  t h e  
i n v e r t e r  i n  t h e  event of a  locked motor r o t o r ,  i f  such 
condi t ion  l a s t s  f i v e  seconds o r  longer .  By reapplying 
t h e  t u r n  on pulse ,  t h e  i n v e r t e r  w i l l  come back on, bu t  
w i l l  again t u r n  i t s e l f  o f f  i f  t h e  locked r o t o r  condi t ion  
s t i l l  e x i s t s .  
The overcurrent  time p r o t e c t i o n  c i r c u i t  f o r  @A conta ins  the 
following components wi th  supply b i a s  vo l t age  from t h e  
P(A o s c i l l a t o r :  Q49, Q50, CR26 through CR28, CR31, R78 
through R85, C20 and C 2 1 .  
The P(B c u r r e n t  sensing c i r c u i t  and @A c u r r e n t  sensing 
c i r c u i t  a r e  i d e n t i c a l ,  t h e r e f o r e  t h e  @B sens ing  c i r c u i t  
w i l l  no t  be discussed s e p a r a t e l y .  Q49 i s  a uni junct ion  
t r a n s i s t o r ,  R78 is a  c u r r e n t  l i m i t i n g  r e s i s t o r ,  R79 through 
R81 and C20 form a  pulse  t imer c i r c u i t .  The RC time cons tant  
i s  formed by r e s i s t o r s  R79 through R81 and capac i to r  C20. 
(The r e s i s t o r s  a r e  f o r  f a c t o r y  c a l i b r a t i o n  purposes) . 
A s  C20 charges through t h e  R a t  5  + 1 seconds,  t h e  vol t -  
age ac ross  t h i s  capac i to r  w i l l  reach t h e  un i junc t ion  
t r igg-er  vo l t age .  
A t  t h i s  t r i g g e r  v o l t a g e  p o i n t  a  p o s i t i v e  pu l se  is  a p p l i e d  
through C R S l  t o  t h e  low l e v e l  s e r i e s  r e g u l a t o r  which 
s t a r t s  t h e  i n v e r t e r  t u r n  o f f  c o n d i t i o n s ,  To have t h i s  
func t ion  based on a  c o n d i t i o n  of o v e r c u r r e n t ,  t h e  f o l -  
lowing c i r c u i t  was used, .  .Q50, R82, and R83. Q50 i s  
connected e m i t t e r - c o l l e c t o r  a c r o s s  C20. R82 and R83 
a r e  connected a s  a  v o l t a g e  d i v i d e r  a c r o s s  t h e  b i a s  
v o l t a g e  and a r e  of  such va lues  t h a t  cause  Q50 t o  b e  
f u l l  on o r  s a t u r a t e d ,  s h o r t i n g  ou t  C20. TlOA windings 
4  and 5  sense  t h e  @A ou tpu t  c u r r e n t .  This  s i g n a l  i s  
ampl i f i ed  by t h e  t u r n s  r a t i o  of TI0 secondary winding 
1-2-3 and then  a p p l i e d  t o  t h e  f u l l  wave r e c t i f i e r  
c i r c u i t  CR27 and CR28 .  The r e s u l t i n g  DC s i g n a l  is  
f i l t e r e d  by C 2 1  and loaded by f a c t o r y  c a l i b r a t e d  re- 
s i s t o r s  R84 and R85, Below t h e  ove rcu r r en t  t r i p  p o i n t  
of approximately 1 9  amperes r m s ,  t h e  DC v o l t a g e  i s  
l e s s  t han  t h e  Zener v o l t a g e  of CR26 and thereby  i s  
blocked from t u r n i n g  Q50 o f f  and does no t  a l low C20 
t o  s t a r t  i t s  f i v e  second t iming.  A t  19  amperes o r  
g r e a t e r ,  t h e  DC s i g n a l  has  s u f f i c i e n t  ampli tude t o  
exceed t h e  Zener v o l t a g e  of CR26 and i s  a p p l i e d  d i -  
r e c t l y  t o  t h e  base  of Q50 w i t h  t h e  p o l a r i t y  r e q u i r e d  
t o  t u r n  o f f  Q50 and thereby  s t a r t  t h e  f i v e  second 
count b e f o r e  t u r n  o f f .  
B e  Mechanical Design. 
Packaging of t h e  EMIU104D S t a t i c  I n v e r t e r  is  shown on 
t h e  drawings i n  Appendix I. The i n v e r t e r  d e s i g n  is based 
on convent iona l  t echniques  which have been used suc- 
c e s s f u l l y  on many o t h e r  space programs. S p e c i a l  des ign  
c o n s i d e r a t i o n s  were necessary  i n  t h e  a r e a s  a f f e c t e d  by 
long term o r b i t a l  miss ion  requirements  of t h e  Brayton 
Power ~ o n v e r s  ion System, 
E f f i c i e n t  h e a t  t r a n s f e r  methods were necessary  t o  a s -  
s u r e  moderate t empera tures ,  long l i f e ,  and r e l i a b l e  
ope ra t ion  of t h e  i n t e r n a l  e l e c t r i c a l  components. Th i s  
ob jec t ive  was achieved by designing an i n t e r n a l  con- 
f i g u r a t i o n  t h a t  provides d i r e c t  hea t  conduction pa ths  t o  
t h e  i n v e r t e r  basep la te ,  The basep la te  b o l t  p a t t e r n  a s  
shown on Figure 1 ,  i s  c l o s e l y  spaced and t h e  smooth ma- 
chined su r faces  of t h e  basep la te  a s su re  in t imate  con tac t  
with t h e  systems co ldp la te .  
Features of s t r u c t u r a l  r i g i d i t y  and t h e  a b i l i t y  t o  with- 
s tand dynamic loads were a l s o  obtained a s  a r e s u l t  of t h e  
thermal design cons idera t ion ,  Large cross-sec t ional  a reas  
which funct ion  t o  minimize thermal r e s i s t a n c e s  r e s u l t e d  i n  
overdesign from a s t r e n g t h  s tandpoint .  
The non-metallic ma te r i a l s  f o r  e l e c t r i c a l  i n s u l a t i o n ,  pot-  
t i n g  and coat ing  were s e l e c t e d  on t h e  b a s i s  of phys ica l  
s t a b i l i t y  and prolonged l i f e  i n  a hard vacuum f o r  extend- 
ed per iods ,  
Pro tec t ion  from e a r t h  a s soc ia ted  contaminants such a s  mois- 
t u r e  o r  sand and d u s t  i s  provided by gasket -sea l ing  t h e  
cover t o  t h e  u n i t ,  
C. Thermal Analysis.  
The thermal map of t h e  S t a t i c  Inver t e r  was obtained a s  follows: 
Assume t h a t  t h e  thermal network of t h e  I n v e r t e r  i s  a s  shown 
on Figure 2 .  Also assume t h a t  a l l  boundary temperatures (t ) 0 
a r e  equal,  where o i s  t h e  isothermal c o l d p l a t e  temperature. 
With these  assumptions e s t ab l i shed  t h e  thermal r e s i s t a n c e  
c a l c u l a t i o n s  a r e  performed a s  follows: 
BASEPLATE -7 
MODULES , 3 0 WATTS EACH ( 96 WATTS 
HEAT TRANSFER PADS 
2 "  x 2 "  a t  b o l t  holes, 
T o t a l  area i n  contact  
w i t h  baseplate: 99 i n .  
H e a t  (h) t o  cold- 
p l a t e  surface:  100 B/HR 
P T ~ O F  
FIGURE 1. E M I U l 0 4 D  BASEPLATE CONFIGURATION 
TOTAL 
F I G U R E  2 .  ASSUMED THERMAL NETWORK, 
To obtain the equivalent resistance of Ria, 
Rllo; I 
%a,o: Rlbl la; and , o the following procedure is used. 
(Ria. lb + Rlb,o)(Rla.o) 
1a.o + Ib, la + ~b,o} = R ~ a ,  lb + Rlb.o + Rla,o 
Equivalent R 2 , l , o  = -419 + .lo4 = .523O C/W 
The equivalent resistance of R6, 6a ; R6a,6b; R 6 , ~ ;  R6a,o: 
and R6b is 
10 
Equivalent Rgt6,, = -152 + ,098 = ,25O c/W 
' 1 ,  Lb equivalent network is 
\A' A - -+ +J'J! \, 4j3 
,205 4 -26% j 
. -25 (q = heat load /> 
> , from inverter; 
BTU/HR) 
I -1 
I I 
I I I 
0" oa 043 
2) , 5 )  and 6) 6.15 - .473 (q5,0 - 30) + .082q3,0 = -*5q5,0 
2),5), 6) and ,082q + 20.34 = .723 (81.5 - l.llq3,0 3 1 0  
1) 13)1p1) 
Set to = 0 
- 
t2 - R2. oq2, = (.523) (13.4) = 7Oc 
- 
t3 - R3,0q3,0 = (.082) (43.6) = 3.58Oc 
t4 = t3 + q4. P4,3 = 3.58 + (27)(,205) =9.13Oc 
- 
t5 - R5,0q1510 = (-25) (33) = 8 . 2 ~ ~ ~  
Referring back to the assumed thermal network diagram 
- 
1 . 
- -. -> &- 
ql,o -113 - 12.4 WATTS R, 
- 
41, la = 13.4 - 12.4 = 1 WATT 
L 
- la - - -  -47 
qla,o - R .68 - .69 WATTS la, o 
qla, lb = 1 - -69 = -31 WATTS 
" 6 
- - = - - .  3.23 
'6, o - R .lo5 - 30.8 WATTS 
6 1  0 
= 33 - 30.8 = 2.2 WATTS 
q6, 6a 
L 
- 
- 
1.18 6a - -  
q6a, o -68 - 1.74 WATTS 
o 
- ? ?  
%a, 6b . - 7 = .46 WATTS 
- 
t6b - t6a 
- 
R6a, 6bIq6a, 6b = 1.18 - ( - 9 3 )  ( -46 )  = .75O~ 
Worst case t . 
0' 
Where : 
to = Coldplate surface temperature (OF) 
0 tc = Maximum coolant temperature ( F) 
q = Heat load from inver te r  (BTU/HR) 
h = Conductance, coolant t o  coldpla te  
2 0 
surface (BTU/HR FT F) 
2 A = Coldplate surface area  (FT ) 
(assume ccolant heat  t r ans fe r  
only i n  baseplate contact  a rea)  
Worst case  basep la te  temperatures: 
The S t a t i c  I n v e r t e r  component p a r t  temperatures were 
ca lcu la ted  based on t h e  fol lowing power d i s s i p a t i o n s  (wat t s )  : 
WATTS 
Power t r a n s i s t o r s  : 1.79W each x 8 = 14.3 
Base d r ive  r e s i s t o r s :  1.125W each x 8 = 9 
Choke r e s e t  diodes:  1 W  each x 2 = 2  
Reverse c u r r e n t  diodes: .5W each x 2 = 1 
Transformer: 1 W  x 1 = 1 
TOTAL Power Diss ipa t ion  Per Module 27.3W 
3 modules a t  27.3W each = 82W 
Misce l l aneous  l o s s e s  = 8W 
TOTAL POWER D I S S I P A T I O N  = 90W 
The above c a l c u l a t i o n  i s  b a s e d  on l a b o r a t o r y  measurements 
o f  t o t a l  power and c a l c u l a t e d  a l l o c a t i o n s  f o r  i n d i v i d u a l  
power d i s s i p a t i o n s .  The b a s e p l a t e  t h e r m a l  map c a l c u l a t i o n s  
were b a s e d  on p r e v i o u s l y  o b t a i n e d  d a t a  which i n d i c a t e d  a  
t o t a l  l o a d  o f  96 w a t t s  w i t h  30 w a t t s  p e r  module. The e f -  
f e c t  o f  t h i s  d i f f e r e n c e  is n e g l i g i b l e .  
MODULAR CONFIGURATION 
I T m N S  FORMER - - 1  
' U N I T  BASEPLATE / -- / CHOKE R E S E T  DIODES ( 2 )  
I ' - BASE DRIVE R E S I S T O R S  (8) i- POWER TRANSISTORS (8) 
tl = 7 5 . 6 O ~  (From b a s e p l a t e  t h e r m a l  map f o r  Phase  B. Module.) 
t2  = tl +-e (Temperature a t  bot tom o f  module.) 
kA 
.i = 27-3 w a t t s ,  t o t a l  module d i s s i p a t i o n  
h = 50 BTu/HR F T ~ O F ,  assumed j o i n t  conductance  between 
m o d u l e  and baseplatc 
- t j  - t 2  -1- -9-L (Temperature a t  t r a n s i s t o r  l o c a t i o n )  
ItA 
q = 27.3 WATTS 
. A '  = . 7 5 INCH 
T r a n s i s t o r  Case Temperature (tc) :
q = 9.79 WATTS 
R a Z'C/MI (Assumed value for dry mica insulator)  
( M a n u f a c t u r e r ' s  recommended case t e m p e r a t u r e  l i m i t :  
175Oc - ( . ~ O C / W )  (1.79W) % 174Oc) 
9 1 . 3 4 ~ ~  case t e m p e r a t u r e  is  a c c e p t a b l e  
t4 = t (Tempera ture  at ? . o c a t i o n  3f bane dr ive  r e s i s t o r s  and 
3 kA 
choke  reset d i o d e s )  
q = 27.3-14.3 = 1 3  WATTS 
1 = 1 INCH 
k = 4.3 WATTS/INOC 
Ciode  Case Tempera ture  ( td):  
t d  = t4 + qR 
q =. 1 WATT 
R =s ~ O C / W  (Assumed v a l u e  for  dry mica i n s u l a t o r )  
( M a n u f a c t u r e r ' s  recommended c a s e  t e m p e r a t u r e  l i m i t :  
93.37OC c a s e  t e m p e r a t u r e  is  a c c e p t a b l e .  
Base Dr ive  R e s i s t o r  Temperature (tR) : 
q = 1.125 WATTS 
I n t e r f a c e ,  Conduction t h r u  epoxy t e r m i n a l  b o a r d  
module t o  epoxy f i l l e t  t o  r e s i s t o r  
t e r m i n a l  board  
= ~ 5 5 . 6 2 ~ ~  
(Manufacturer % recommended c a s e  t e m p e r a t u r e  l i m i t  = 275Oc) 
."c 1 5 5 . 6 2 ~ ~  i s  &cce); table.  
(Temperature a t  t o p  s u r f a c e  
q = 1 WATT 
o f  module) 
Transformer  Tempera ture  (tr )
q = 1 WATT 
I n t e r f a c e :  c o n d u c t i o n  t h r u  epoxy 
module t o  c u p  and  p o t t i n g  m a t ' l  
t r a n s f o r m e r  cup 
Transformer  t e m p e r a t u r e  l i m i t  1 0 5 ~ ~  c o n t i n u o u s  
9 4 . 6 7 O ~  s h o r t  t e r m  (2  h o u r s  max) i s  a c c e p t a b l e .  
SUMMARY O F  THE 
POWER TRANS I S T O R  
BASE DRIVE RESISTOR 
CHOKE RESET DIODES 
TRANS FORMER 
NOTE: The above c a l c u l a t e d  t e m p e r a t u r e s  a r e  ba sed  on wor s t  
c a s e  c o o l a n t  t empe ra tu r e  o f  1 5 0 ~ ~ .  S i n c e  t h i s  con- 
d i t i o n  w i l l  e x i s t  o n l y  i n t e r m i t t e n t l y  f o r  two hour  
p e r i o d s ,  a c t u a l  s t e a d y  s ta te  t e m p e r a t u r e s  w i l l  be 
lower.  
D. R e l i a b i l i t y  
1, R e l i a b i l i t y  E s t i m a t e  
T h i s  r e l i a b i l i t y  e s t i m a t e  is b a s e d  on t h e  t o t a l  
e l e c t r i c a l  component p a r t s  coun t  and u t i l i z e s  component 
p a r t  f a i l u r e  r a t e s  and o t h e r  e s t i m a t i n g  t e c h n i q u e s  a s  
o u t l i n e d  i n  the Engineered  Magnetics  R e l i a b i l i t y  Hand- 
book and MIL-HDBK-217A. Th i s  r e l i a b i l i t y  estimates 
c o n s i s t s  o f  two p a r t s :  
P a r t  a :  Based on H-version ( h i g h  r e 1 i a b i l i t y ) p a r t s .  
P a r t  b: Based on u -ve r s ion  ( u l t r a  h i g h  r e l i a b i 1 i t y ) p a r t s .  
C e r t a i n  b a s i c  assmumptions w e r e  used  i n  t h e  p r e p a r a t i o n  
o f  t h i s  r e l i a b i l i t y  e s t i m a t e  and a r e  d e f i n e d  a s  fo l lows :  
a ,  No workmanship e r r o r s  e x i s t  which c a n  c o n t r i b u t e  
t o  a sys tem f a i l u r e  ( s p e c i a l  c o n t r o l s  and p r o c e d u r e s  
have  been d e v i s e d  t o  e l i m i n a t e  t h i s  f a i l u r e  mode). 
b ,  F a i l u r e  o f  any p a r t  used i n  the c a l c u l a t i o n s  w i l l  
c o n s t i t u t e  a sys tem f a i l u r e .  
c .  Ambient t e m p e r a t u r e  i s  less t h a n  4 0 O ~ .  
d .  Redundant p a r t s ,  a s  such ,  a r e  n o t  used  i n  t h e  
system. 
e.  A l l  component p a r t s  a r e  used w i t h  p r o p e r  d e r a t i n g s  
a s  p e r  Engineered  Magnet ics '  d e r a t i n g  p o l i c y  and 
Pesco P r o d u c t s  d e r a t i n g  p o l i c y .  
f .  Transformers  w i l l  be c o n s i d e r e d  a s  s e p a r a t e  windings .  
The MTBF (Mean T i m e  B e f o r e  F a i l u r e )  c a n  be c a l c u l a t e d  by 
summing t h e  i n d i v i d u a l  component p a r t  f a i l u r e  rates  and 
t h e n  t a k i n g  t h e  r e c i p r o c a l  o f  t h i s  sum, i , e . ,  
MTBF = Z 
X h  
where hi = i n d i v i d u a l  component p a r t  f a i l u r e  r a te ,  which 
w i l l  b e  e x p r e s s e d  i n  lo-* f a i l u r e s / h o u r  ( b i t s ) .  
P a r t  a )  For the H-version p a r t s ,  
MTBF = 1 - 1 = 23,176 h o u r s .  - 
2 A i  
H 43 1 4 . 8 x 1 0 - ~  
P a r t  b) For the U-version p a r t s ,  
MTBF = 1 - 1 = 8 8 , 5 1 1  h o u r s .  - 
X A i  
U 1 1 2 9 . 8 x 1 0 - ~  
Tab le  I l is ts  t h e  H-version p a r t s  and t h e i r  b i t  c o u n t ,  
Tab le  I1 s i m i l a r l y  l is ts  t h e  U-version p a r t s  b i t  c o u n t .  
CAPAC P T O E  
C 2 0 - 2 2 ,  C 2 6 - 2 7  
J A N  J.NGs3-5 
C R 2 7 - 3 3 ,  C R 3 6 ,  3 7  
J A N  1NSitl.S 
( 6 , Q V  Zener) 
EM74808H-1  
E M 7 6 0 1 4 - I H  
G 9 7 1 1 3 4 7 H  
GI913147713: 
G I 7 3 5 3 1 H - 2  
TABLE I.  K-VERSION PARTS ESTIMATE 
3% 
PART L\TViBER 
G r 7 3 5 3 1 - 1 2 0 H  Q 1 3 , 1 4 , 1 7 , 1 8 , 2 1 , 2 2  
E M 7 1 0 4 3 8 H - 1  Q 1 5 , 1 6 , 1 9 , 2 0 , 2 3 , 2 4  
E M 7 9 8 0 7  
G I 7 4 7 0 6 H  
EM74762H 
RESISTORS 
RN55C R 3 - 6 , 8 - 1 1 , 1 3 - 2 0  
R 2 3 - 3 2 , 3 5 - 3 8 / 4 0  
R 4 5 , 5 0 , 7 8 - 8 5  
R 8 8 - 9 7 ,  R84A-85A 
RN60C 
RS 2 B  R 1 , 2 , 1 2 , 2 1 , 2 2 , 3 9  
R 4 1 - 4 4 , 4 6 - 4 9 , 5 3 - 7 5 ,  
R 7 6 , 7 7 , 8 6 , 8 7 , 9 4  
WSRE (Resistance) 
Chokes 
E M 3 X m X  L 1 , 3 , 4 , 5 , 8 , 9 , 1 0 , 1 1 A  
EM3 XXXX 
TABLE I. H-'mRSION PARTS ESTIMATE (CONT' Dl 
PART NUMBER 
MAGNETICS (CBNT ' D 
S a t u r a b l e  Reac to r s  
Transformers  
T9,10,11,10B 
6 wind ings  
7 windings  
9 windings  
1 0  windings  
1 2  wind ings  
MISCELLANEOUS 
Connectors  
Connect ions  
- := T o t a l  FR - 4314.80 
'I3 
CAPACITORS 
CSR13 C 1 - 5 , 1 5 , 1 6 , 1 8 ,  
C 2 0 - 2 2 ,  C 2 6 - 2 7  
CYK (per 7 1 1 4 1 1 )  
CYFR (per 7 1 1 4 6 8 )  
C10110Z! ,8A.  83 
C9A, B,  C,  D 
E M 7 8 3 8 1  C 1 4 , 1 7 , 1 9 ,  2 3 ,  2 4  
DIOT)ES 
I 
Gf 7 1 0 4 5 6 U  C R 2 , 3 , 7 - 1 1 , 2 4 , 2 5  
C R 2 7 - 3 3 , C R 3 6 - 3 7  
JAN TXI NL 2 0 2  CK12-23 ,  CR38-43  
G I 7 9 4 3 0 U - 1  
EM74808U-1 
EM76014-1U 
GX711347U 
G 1 7 8 3 2 4 U  
GX711477U Q 3 , 7 , 1 0 , 1 1 , 5 2  
GI7353 l .U-2  Q 4 - 6 , 8 , 9 , 1 2 , 5 1  
(3x73531-120U (213, P 4 , E 9 , 1 8 , 2 1 , 2 2  
TABLE 11. U-VERSION PARTS ESTIMIITE 
EM710438U-1 Q15 ,16 ,19 ,20 ,  
E M 7 7 6 8 4 U  
GZ74706U 
R3-6,8-11,13-20, 
823-32,35-38,40, 
R45,50,78-85, 
88-97,84A, 85A 
REil6 OC 
A CS R1,2, 21 ,39,  
41-44, 46-49, 
53-75,76, 86 
R12, 22 ,77 ,87  
R S 2 B  (20 KO) 
W I R E  (Resistance) 
UGNE'S ' ICS  
L1,3-5 ,8 ,  9  
TABLE 11, U-VERSTON PARTS ESTIMATE ( C O N I ~ ~ D )  35 
PART NUMBER 
m G N E T % C S  (CONT ' D)  
S a t u r a b l e  R e a c t o r s  
EM3XXXX 
2 w i n d i n g s  
3 w i n d i n g s  
6 w i n d i n g s  
7 w i n d i n g s  
9 w i n d i n g s  
10 windings  
1 2  w ind ings  
MISCELLANEOUS 
Connectors 
Connect ions 
hi = T o t a l  FR = 1129.48 
U 
2. F a i l u r e  Mode and F a i l u r e  Effeci: A n a l y s i s  
F a i l u r e  E f f e c t  A n a l y s i s  i s  a  method o f  s y s t e m a t i c a l l y  
examining t h e  p r i n c i p a l  manner i n  which an  a r t i c l e  o f  
equipms:lt  may f a i l .  Engineered Magnetics  h a s  p r epa red  
a  form £03: t h i s  purpose  and l i s t s  t h e  most conce ivab l e  
f a i l u r e s  t o g e t h e r  wikh t h e i r  e f f e c t  on t h e  equipment 
and consequences t o  t h e  performance o f  t h e  equipment.  
Under t h e  column headed "System Failu1:(3" a n  e x p l a n a t i o n  
i s  g iven  a s  t o  t h e  system f a i l u r e  r e s u l t i n g  from a n  a s -  
sumed f a i l u r e .  "Degrading F a i l u z e "  means t h e  pr imary 
mi s s ion  o f  t h e  equipment is  n o t  e f f e c t e d  by t h e  assumed 
f a i l u r e  excep t  f o r  some d e g r a d a t i o n  t o  t h e  performance 
o f  t h e  u n i t .  " C a t a s t r o p h i c  F a i l u r e "  means t h e  p r imary  
miss ion  o f  t h e  equipment w i l l  n o t  be m e t  by t h e  assum~ed 
f a i l u r e .  
The P r o b a b i l i t ~  ----- --o f  F a i l u r e  o f  e ach  mode i s  e n t e r e d  i n  
accordance  w i t h  t h e  fo l l owing  code: 
20% = 1 f a i l u r e  o u t  o f  5  p o s s i b l e  f a i l u r e s .  
10% = 1 f a i l u r e  o u t  o f  10 p o s s i b l e  f a i l u r e s .  
5% = 1 f a i l u r e  o u t  o f  20 p o s s i b l e  f a i l u r e s .  
1% = 1 f a i l u r e  o u t  o f  100 p o s s i b l e  f a i l u r e s .  
-1% = 1 f a i l u r e  o u t  of 1 , 0 0 0  p o s s i b l e  f a i l - u r e s .  
.01% = 1 f a i l u r e  o u t  o f  10 ,000  p o s s i b l e  f a i l u r e s .  
These p r o b a b i l i t i e s  r eEerence  t h e  l i k e l i h o o d  o f  f a i l u r e s  
t o  t h e  known f a i l u r e s  o f  e x i s t i n g  a n i t s  o f  s i m i l a r  t y p e  (s)  
and a r e  an  e s t i m a t e .  For any one  assumed f a i l u r e  t h e  
p r o b a b i l i t y  i n d i c a t e s  t h e  l i k e l i h o o d  t h a t  t h e  p a r t  b e i n g  
conside::ed would f a i l .  The h ighes : ;  p r o b a b i l i t y  i s  re- 
s e rved  f o r  t h e  power h a n d l i n g  d e v i c e s .  Each row l is ts  
t h e  e f f e c t  o f  one  p a r t  even though s e v e r a l  p a r t s ,  which 
have d u p l i c a t e  f u n c t i o n s ,  a r e  l i s t e d .  
S i n c e  t h e  predominent  c a t a s t r o p h i c  mode o f  f a i l u r e  i n  a  
r e s i s t o r  i s  "open" ,  t h e  F a i l u r e  E f f e c t  A n a l y s i s  has n o t  
c o n s i d ~ x e d  s h o r t e d  r e s i s t o r s .  
CUSTOMER NO. 
-- - 
EM MODEL NO. ~ ~ 1 ~ 1 0 4 ~  
- - - - - - - - - - . -- 
GULTON INDUSTRIES,  INC. 
E n g i n e e r e d  Magnetics Division 
FAILURE MODE AND FAILURE EFFECT ANALYSIS 
.-- . - 
AUDIO- F I S T E  R 
SYMPTOMS AND LOCAL DETAIL 
EFFECT INCLUDING ' EFFECT REKARKS 
---+ ----- --- 1 t - .- 
N o  input power to Inverter w i l l  stay . 2  i 
the inverter 
Inverter w i l l  be d Increased i n d u c e d  I m o r e  susceptable t ripple into nc buss . 0 5  
input ripple ( a u d i o ) !  l i n e  I 
D.F. Isamas above / s a m e  as above 
! 
i 
i 
! 
1 
i 
: 
i 
! 
i 
I 
i 
I 
I 
! 
. 1  
1 
I 
I 
! 
, 
. -. -.. i - -  .. - -. I 
CUSTOmR NO, 
- 
EM MODEL NO. EMIUl04D 
-- - - - - -  - 
[FAILURE I SYSTEM 
ITEM MODE 1 EFFECT 
i open 1 C.F. 
, 
sho r t  I D. F. 
1 I 
I i 
I 
open I . D.F. 
I 
i I 1 
i C26 sho r t  D.F. 
i 
I 
I 
1 
1 
, C 2 7  open 1 D.F. 
C 2 7  I s ho r t  D.F. 
GULTON INDUSTRIES, I N C .  
Engineered Magnetics Divislon 
FAILURE MODE FAILURE EFFECT AEJAEUSIS 
- 1 
DETAIL 
EFFECT 
I 
I I / No input power t o  Since o s c i l l a t o r s  + I 
! t he  r i p p l e  regula- power ampl i f ie r  w i l l /  
' t o r  and low l e v e l  I not  receive  any pwr. 1 1 s e r i e s  regula tor  I i n v e r t e r  w i l l  s t a y  
1 o f f  
i I Inve r t e r  w i l l  pro- j Ripple r e f l ec t ed  ! 
i duce more RFI noise  back i n t o  t h e  input 1 
i n t o  t he  DC buss , l i n e  w i l l  increase  
I I 
I I I ; No input  power t o  ' Since o s c i l l a t o r s  + .02 
' t h e  r i p p l e  regula- power ampl i f ie r  w i l l !  
' t o r  and low l e v e l  not receive  any pwr.; , 
1 s e r i e s  regula tor  I i n v e r t e r  w i l l  s t a y  
I o f f  
I I I I i Inver te r  w i l l  pro- Ripple r e f l ec t ed  1 .1 
' duce more RFI noise! back i n t o  t he  input  ; 
I i n t o  t he  DC buss l i n e  w i l l  increase  
same as  above same as  above I -05 i 1 
: 
i +50 VDC l i n e  w i l l  ' No output 
c l e a r  the  shorted 
component 
Inve r t e r  w i l l  pro- Ripple r e f l ec t ed  -05 
duce more RFI  noise  back i n t o  t h e  input  
i n t o  t h e  DC buss l i n e  w i l l  increase  
same a s  above same a s  above . O 1  
CUSTOMER NO. 
EM MODEL NO. - Ef10V_104D 
- 
1 ITEM 
I 
.- - 
FAILURE 
MODE 
' n27 open 
1 
F228 ; open 
I I 
! 
1 j open 
I 
GULTON INDUSTRIES,  INC. 
~ n g i n e e r e d  Magnetics D i v i s l o n  
TURN ON 
FAILURE MODE AND FAILURE EFFECT ANALVSIS C I R C U I T  
1 1 
I SYSTEM SYMPTOMS AND LOCAL ; DETAIL I P R O B ~ I L I ~  04 
EFFECT EFFECT INCLUDING EFFECT 'FA ILURE/~ 
t 
+ t- --. - 
HOURS 
- t - - --- 
C.F. Q8 will turn on, 1 Turn off pulses hav @I .05 or D.F. turning on the 1 no effect on the 
depending: ripple regulator + j inverter I I 
on system series voltage I I 
' regulator I 
I ! I 
C.F. 1 Q9 will turn on, I Turn on pulses have 
, I turning off the : no effect an the 
ripple regulator + inverter 
and series voltage i 
I i regulator 
' C.F.  
I 
Q8 will have no No output from the 
1 i supply voltage, ! inverter 
R97 will act as if ' 
I open. Ripple regul'. 
1 will be on but 
series regulator 
,will be off 
I C.F. I 99 will have no 
I 
No output from the 1 -05 
I supply voltage, Q8 inverter 
I 
i , and thereby ripple: 
I regulator will be 1 
I off, series regul. 
i will be on 
I C.F. Series regul. will NO output from the i I .05 be on, but 48 and inverter thereby ripple 
regulator will be I 
t off; turn on and j 
turn off circuit ' 
1 
1 will have no effcsce 
4 i 1 I 
AND TURLN OFF 
S E R I E S  REGUUTOR 
1 


CUSTOMER NO. 
-- --- 
FAILURE ITEM 
'K~ 
CR32 / s h o r t  
i I open 
I 
I s h o r t  
GaTON INDUSTRIES, INC. 
Engineered Magnetics Division 
TURN ON AND WRNI OFF 
CIRCUIT SERIES REGUUTOR FAILURE MODE FAILURE EFFECT ANALYSIS 
- - "-- - -  - -  - - - 
SYSTEM 1 SYMPTOMS RM) LOCAL DETAIL 
EFFECT , EFFECT INCLUDING EFFECT 
--- -i
I 
depsndingiTurn o f f  pulse  w i l l  Turn o f f  pulse  w i l l  
on systamlbe missing t o  t h e  no t  t u r n  o f f  t h e  i n -  
D. F. 1 series regula tor  v e r t e r  
C. F. 
I 
I Secondary of TI w i l  same as above s a t u r a t e  
f i 
C.F. /Turn on pulse  w i l l  f Turn on pulse  w i l l  I .02 
{ b e  missing ts t h e  not  t u r n  on t h e  
[series regula tor  I 
I i inverter 
C.F. ;Secondary of T2 w i l  s a m e  a s  above i . 0 5  1 s a t u r a t e  
B. F. 
i 1 
' Pu l se  from t h e  over* Overcurrent t i m e  I cur ren t  t i m e  pro- p ro tec t ion  c i r c u i t  I t e c t i o n  c i r c u i t  t o  w i l l  not  t u r n  o f f  
! t h e  series regula t .  ! t he  i n v e r t e r  even 
I w i l l  be missing ; a f t e r  t h e  t r i p  
I 
i poin t  is reached 
I a t  phase B or C 
I 
I 
C.F. ITime pro tec t ion  i T i m e  p ro tec t ion  
; errat ic  e r r a t i c  
depending:Series regula tor  wi) l l  S h i f t  i n  t h e  out-  
on system'not  be ab l e  t o  f put phase 
I regula te  i I
D. F. ;change i n  t h e  regu-, S h i f t  i n  t h e  output  
' l a t i o n  voltage of : phase 
the  a e r i e s  regulat .  I ! 
CUSTOMER NO. 
- 
EM MODEL No* EMLUlO4D_-  -_ 
GULTON INDUSTRIES, INC. 
~ n g i n e e r e d  Magnetics Divislon 
ITEM 
TURN ON AND TURW OFF 
FAILURE MODE AND FAILURE EFFECT ANALYSIS CIRCUIT SERIES IUEGULATOR 
-  - - . - - - 
FAxLum r SYSTEM -1 SYMPTOMS AND LOCAL DETAIL 
NODE 1 EFFECT EFFECT INCLUDING 1 EFFECT 
-4 -- -- -- -- -+ JEAuam-C_ ----. --.. - - .- 
sho r t  
open 
sho r t  
open 
sho r t  
D.F. 
depending 
on system 
C.F. 
C.F. 
Decreased r i p p l e  Since outout  cap. 
of t h e  s e r i e s  reg. I 
have b u i l t  i n  redun- 
dancy, t he re  w i l l  b 
no e f f e c t  on t h e  
r egu la t a r  
I 
Turn off pulse w i l t  Turn off pulse  w i l l  
have no e f f e c t  on i be unable t o  t u r n  
t h e  s e r i e s  regul. off t h e  i n v e r t e r  
s ince  t u r n  o f f  puls  
w i l l  be missing t o  
t he  series regula to  
Turn o f f  pulse  w i l l  same a s  above 
s a t u r a t e  t he  1 
primary of T 1  , 
I Turn on pulse  w i l l ,  Turn on pulse  w i l l  
have no e f f e c t  on be unable t o  t u rn  
t he  s e r i e s  regulat :  on t h e  i n v e r t e r  
j s ince  t u r n  on pulse  
w i l l  be missing t o  
t h e  series regula to  
C.F. Turn on pulse w i l l  i same as above I -02 I I 
3 
O k  
Q) 
QJC 3 % 
c at-: 
k > 
ssg  
kr-i 
OI;t g 
C 3 u  
O a t u  
-r ra at 
k d W  
3 I W  
E.c a a t  
3 - .  - 4 a C -  rns 
k m @  PI 
a t c  brcw 
u u  rdW a,u 
X O 5 2  @ o m  
3 k a t a )  cr 
r= 0d.G C 3 
H E-u-4 0 
k k h  
O O W  
2 2 ;  
5 hkc 
C h *  
QJ tan 
a 
8)  C 
_'tLb 
I U S m m R  NO. 
:M MODEL NO. EMIULOBD 
----- 
GULTON INDUSTRIES,  IMC. 
Engineered M a g n e t i c s  D i v i s i o n  
TURN ON AND TURN OFF 
FAILURE mDE AND FAILURE EFFECT ANALYSIS C I R C U I T  S E R I E S  mGUT.ATOR 
CUSTOmR NO, GULTON INDUSTRIES, INC, 
Engineered Magnetics Division 
FAILURE MODE FAILURF EFFECT AEJBLYSIS 
DRIVE 
- - -- SYSTEM-~ SYMPPOMS AND LOCAL 
EFFECT , EFFECT INCLUDING 
i
Secondard short 
C. F. 
C.F. 
C. F. 
C.F. 
+ 50 V shorted 
through transistor 
Probably open up th 3.0 
winding of T6, T7, 
or T8, or open up 
the transistor. The 
remaining two phase 
will be operational, 
one of the voltage 
senses will not wor 
Phase A, B or C i Two phases will be 
will not work I operational, one of 
the voltage senses 
will not work 
same as above / same as above 
! 
One of the phases : Two phases of the 
~f A, B, or C willj inverter will be 
not work j operational; one of 1 the voltage senses 
; will not work 
Oscillators will 
not work 
No output at any of 
the phases 
STAGE 
. -. - - 

GULTON INDUSTRIES,  INC . 
~ngineered Magnetics Division 
ITEM 
FAILURE MODE AND FAILURE. EFFECT A N U Y S I S  FRGQUENCY SENSE 
-- - - - -  - 
FAILURE T SYSTEM AND LOCAL L 
EFFECT T 
open Instrumentation No output at the 
I failure frequency sense 
I points; no other 
I I 
open j D. F. same as above I Frequency sense out i put will increase i I I amplitude 
short C.P.  ,same as above i No output at the 
i frequency sense 
points; no other 
I effect 
Short C.F. IMaster oscillator No output from the 
/will not work I inverter I Open f D.F. ,Instrumentation No output at the 
i !failure frequency sense \ : points, no other 
I 1 effect 
i 
? 
i i 
i 
1 
I i 
i i 
i I I 
i 
i I 
i i 
A - -  -------.-.------.- i ----- - --.. -- -- ----- 

z a , k C a ,  
o o  o a o  tr t;( 22.0 +J+J a , C  
STOMER NO. 
-- _ _ _ _  
! MOPEL f.!c). EMIU10aT) 
GULTON INDUSTRIES , INC.  
Engineered Magnetics Division 
FAILURE MODE AND FAILURE EFFECT ANALYSIS 
C U S T O m R  NO. - - 
EM MQDEL NO. EMIUlOBD 
-- 
GULTON INDUSTRIES, INC. 
Engineered Magnetics Division 
FAILURE MODE AND FAILURE EFFECT ANALYSIS 
VOLTAGE S E N S E  
'AB 
!USTOmR NO. GULTON INDUSTRIES, INC. 
Engineered Magnetics Division 
:M MOIDEL NO. EMIU104D 
-- -- 
--- - -- 
- . L y  [ SYSTEM 
EFFECT 
R80 open 1 D.F. i 
i 
i i 
I 
\ 
~ 7 9  I open i D.F. 
i 
I j i 
1 I 
R 8 1  o r  7q open 
I 
I 
1 
R84 o r  84.k open 
I 
I 
! 
OVERCURRENT TIME 
FAILURE MODE AND FAILURE EFFECT ANALYSIS 
PROTECTION 
. -  - .  - -. - 
DETAIL 
EFFECT REMARKS 
- ----------.-.-- " .--- 
The overload pro- 
t e c t i o n  timing w i l  ! change from 5 *. 5 
I * SEC t o  7.5 A, 5 SEC 
I The overload pro- same a s  above I t e c t i o n  timing w i l  
i change from 5 st.5 i 
' SEC t o  6.5 lt.5 SEC i 
i 
i The overload pro- : I n  case of locked .05 I Double f a i l u r e ,  I t e c t i o n  t iming motor r o t o r ,  pump i motor and r e s i s t o r  
; c i r c u i t  w i l l  no t  assembly may be 
work 1 damaged 
I 
i The overload time I B y  applying t h e  t u r n  i .05 1 pro tec t ion  c i r c u i t '  on pulse ,  t h e  i nve r t  ' w i l l  t u rn  o f f  t h e  , w i l l  come back on, i n v e r t e r  without : bu t  w i l l  again t u rn  having experienced , i t s e l f  o f f  a f t e r  5SE overload i as if locked motor I condit ion ex is ted  j i 
' CR26 o r  CR26A w i l l  ' The overcurrent  time1 .2 
? t u r n  on a t  much prokection c i r c u i t  1 
lower cur ren t  than w i l l  t u r n  of f  t h e  i n  
before ,  e. g, i f  R04i v e r t e r  much sooner 
. t u r n  on a t  approx. 
I 
. opens up, zener wilgthan 30A, e .  g. 8A , 
i 
, 7  A. 
W i l l  not s t a r t  m o t ~ / :  
bu t  w i l l  allow 
running operat ion 
CUSTOP/IER NO, 
EM MODEL NO, uaro_4I! -- - 
- - ---- 7--- " 
FAILURE - 1  SYSTEM I EFFECT 
i open o r  i C.F.  I s ho r t  , 
I 
open D , F .  
! I 
GULTON INDUSTRIES, INC. 
Engineered Magnetics Divislon 
FAILURE MODE AND FAILURE EFFECT ANALYSIS 
OVERCURRENT TIME 
PROTECTION 
- - 
DETAIL 
EFFECT 
The overload pro- / t e c t i o n  w i l l  not 
! work 
1 Phase B o r  C over- ! cur ren t  time pro- 
i t e c t i o n  w i l l  not 
work 
Overcurrent pro- 
, t e c t i o n  w i l l  work 
1 a t  a lower value 
I n  case of locked 
motor r o t o r ,  pump 
assembly may be 
damaged 
W i l l  have no e f f e c t  
on the  i n v e r t e r  ex- 
cep t  one of t he  two 
overcurrent  pro- 
t ec t ions  w i l l  not  
work 
Turn o f f  a t  running 
cond i t i o n  
' Unijunction w i l l  Af te r  applying t u r  I 0.08 
f r e e  run, i n v e r t e r  on pulse ,  i n v e r t e r  
w i l l  t u r n  i t s e l f o f f  w i l l  t u r n  on f o r  5 
I a f t e r  5 MS and w i l l  t u rn  i t s e l  
I of f  
I I 
; Capacitor C20 w i l l  Inver te r  w i l l  never 0.1 
be shorted so  uni- be ab l e  t o  sense 
junction w i l l  nevef locked motor r o t o r ,  
t u r n  on pump motor assembly 
; could be damaged 
I 
Diode w i l l  draw , Overcurrent t r i p  I 0.15 
1 more peak cur ren t  I po int  w i l l  be changed 1 bu t  w i l l  not  be / higher  than nominal 
damaged , s e t  
I i 
Double f a i l u r e .  
CUSTOMER NO, 
-- - --- -- 
Z M  MODEL NO. EMIUlO4D 
. 
GULTON INDUSTRIES, INC. 
Engineered Magnetics Divis ion  
FAILURE MODE AND FAILURE EFFECT ANALYSIS OVERCURRENT T I M E  
- - - -- -- 
. - -  
PROTECTION 
- - - 
1 SYSTEM " 1  SYMPTOMS AND LOCAL / DETAIL PROBAB ILX 
! 
EFFECT EFFECT INCLUDING ' EFFECT 
4 . - -- $-F i-- i --- - -- -- HOURS - 
1 
CR21-28  ; s h o r t  D.F. AC appl ied  a c r a s s  ' OP-ercurrent t r i p  0.2 
I 
I 
I 1 C Z l A ,  running load / p o i n t  w i l l  be  change i 
should be  ok l h i g h e r  than  nominal 
! 1 set 
I I I / ~ h a s e  B or C over- . L o s s  of ou tpu t  from 
I 
0.2 
c u r r e n t  t i m e  pro- t h e  i n v e r t e r  
t i t e c t i o n  w i l l  n o t  1 
work j 
I i 
I 
, F u l l  wave C.T., rovercur ren t  t r i p  
d i o d e  w i l l  draw morb p o i n t  w i l l  be chang 
I peak c u r r e n t  b u t  than nominal set  
/ w i l l  n o t  be  damaged/ va lve  
i 
I 
,Phess B o r  C over- ' N O  e f f e c t  on the i n -  
I c u r r e n t  t ime pro- ! v e r t e r  
! t e c t i o n  w i l l  no t  ! 
I work 
I 
I 
: 
i f 
1 
3 
; 
I 
4 
i 
i 
t 
i i I 
1 
I 
- -- - - - - -- -.- - --- --- i
GULTON INDUSTRIES, INC. 
Engineered Magnetics Division 
FAILURE MODE FAILURE EFFECT AEJALYSIS POWER A m U F I E R  
Fuse w i l l  c l ea r  / No output from the 
before any damage * inver ter  
R5:3-75 ; open No e f f e c t  on the 
r e s t  of the  t rans.  
, w i l l  be able t o  
carry the load 
, The r e s t  of the  No e f f e c t  on the 
amplifiers w i l l  be ! inver ter  
f 
same as above , same as  above 
ui \' 
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CUSTOMER NO. 
- 
EM MODEL No- EMIU104D--. -_ A 
GULTON INDUSTRIES, INC. 
E n g i n e e r e d  Magnetics D i v i s i o n  
RIPPLE 
FAILURE MODE AND FAILURE EFFECT ANALYSIS 
SYMPTOMS AND LOCAL DETAIL 
EFFECT INCLUDING EFFECT 
_EBU;ILBE 
R i p p l e  regulator  No output  f r o m  the 
w i l l  not  w o r k  inverter  
Q l ,  Q2, and Q3 w i l l  E f f i c i e n c y  w i l l  go 
a l w a y s  stay on down and there w i l l  
be no carrent l i m i t -  
ing  
Q4, Ql, Q2 and Q3 E f f i c i e n c y  w i l l  go 
w i l l  a l w a y s  stay on d o w n ,  no c u r r e n t  
l i m i t i n g  
R i p p l e  regulator No ou tpu t  f r o m  the 
w i l l  a l w a y s  be off i n v e r t e r  
s a m e  as above 1 s a m e  as above 
Pass t r ans i s to r  w i  E f f i c i e n c y  w i l l  go 
a l w a y s  be on d o w n  and no cur ren t  
l i m i t i n g  
Q1,  Q2 ,  Q3 and Q4 No ou tpu t  f r o m  the 
a l w a y s  off lnverter 
R i p p l e  regulator  s a m e  as above 
w i l l  loose i t s  ref.  
?ROBAB ILI 9 @ TAILURE/~ 0 
HOURS 

3 ,  R e l i a b i l i t y  S t r e s s  A n a l y s i s ,  
E n g i n e e r e d  Magne t i c s  S t r e s s  A n a l y s i s  of t h e  i n d i v i d u a l  
component p a r t s  of t h e  EMIU104D S t a t i c  I n v e r t e r  is 
p r e s e n t e d  on pclq-es 66 t h r o u g h  7 7 ,  



RATING AND STRESS DATA 
ZENER DIODES 
C O N T R A C ' ~ D R - ~ ~ ? ~ ~ % . ~ ~  
SPEC NO.- - 
EMU MCDEL NO -nB'iGA> 
Gulton Industries Inc: 
13k3IC1:.!.::9 -;:.:.:.>:,E' ' 
RATING AND STRESS DATA 
INDUCTORS 
I I I 1 I 
INDUCTANCE 
(MH) 
CONTRACTOR PESCO 
SPEC NO. 
EMD MODEL NO. 
77 
TEMP. RISE REMARKS ( A T )  ( " C )  
< 5 O c  ' INPUT FILTER 
CHOKES 
/, 5 O c  
< 5 O c  2OV TOTAL 
FREQUENCY DETER- 
< 5 O c  MINING ELEMENT. 
< 5 O c  
< 5 O c  
A THE HIGHEST VOLTAGE USUALLY OCCURS AT THE INSTANT THE TOTAL VOLTAGE IS APPLIED TO THE CIRCUIT 
4 )fE=4ACE BMNS X IO-~(V)FOR N . E = 4 . 4 4 A C F  BUNS X 1 0 - 8 ( ~ )  FOR N - F O R  AC ONLY. 0 
PESCO 
CONTRACTOR 
RATING AND STRESS DATA 
SPEC NO, 
SATURABLE REACTORS EM0 MODEL NO. 
REMARI<S 
I 1 I I I I I I I I I I I 
*c EZ4ACF BUNS X 10" m) FOR iU.E=4.44ACF BMNS X (V) FOR N -FOR DRIVE WINDING ONLY. 
4 
I- 
CONTRACTOR PESCO 
Gulton Industries Inc. SPEC NO. 
r ~ ~ i ] : ~ ~ ~ ~ & ~ s ~ p ~ ~ ~ I , ~ B P ' " ' P ' " " o N  
RATING AND STRESS DATA 
TRANSISTORS 
4 
N 

RATING AND STRESS DATA 
RESISTORS 
CONTRACTOR 
SPEC NO. 
EMD MODEL IUO. E"IUJ-WD 
RELIABILITY COMMENTS / $ 
CHANGE TO RC07 
CHANGE T O  iRCR.07 
-----ti 
CHANGE TO RN6OC - 

G&J%,rg$"%i 
RATING AND STRESS DATA 
TRANSFORMER 
PESCO 
CONTRACTOR 
SPEC NO. 
EMD MODEL NO. EMN104D 
A AT FREQUENCY OF OPERATION FOR DRIVE WINDING ONLY 
4 
ch *E= 4ACF ByNS X IO'~(V) FOR lU,E=4.44ACF By NS X IO-~(V) FOR N -FOR DRIVE WINDINGS ONLY 
. 
n 2 
V TOTAL POWER LOSS=CORE LOSS + ZE Rd,X Irms,WHERE lrms IS DETERMINED FOR EACH WINDING 
n:l 
CIRCUIT 
SYMBOL 
G.I. PART NO. 
- 
T3 
T3 
T3 
T3 
T3 
T3 
T4 & T5 
T4 & T5 
T6 
T6 
T7 & T8 
T7 & T8 
INSUL. 
CLASS 
TEMP. 
R 
" 
" 
WINDING 
1 - 2 
2 - 3 
4 - 5  
6 - 7 h  
8 - 9  
25x10'3 
'2x10'3 
0 . 3 8 ~  
10-3 
10x10-3 
25x10-3 
6 7 . 5 ~  
10'3 
0.255 
1.0 
0.25 
0.255 
1.0 
5.14 
17.8 
4.85 
54 
4.16 
4.16 
52.2 
3.35 
4.6 
52.2 
3.35 
62 
23 
23 . 
23 
23 
62 
85 
144 
23 
85 
144 
VOLTAGE .TURN 
TO TURN 
p O - L l < l  
" 1 5 - 1 6 < 1  
L - 2 &  
p - 3  <1 
- 5 & 
- 6  <1 
34x10-~ 
1 5 8 . 5 ~  
10-3 
1 5 8 . 5 ~  loq3 
WIRE RATING 
APPLIED 
CURRENT 
(MP) 
12x10'3 
50x10'3 
.67.5x 
lox-3 
4.4 
15.0 
4.1 
47 
2.0 
2.1 
40.0 
2.25 
3.5 
40.0 
2.25 
CORE 
SUPPORT 
(VOLTS) 
54 
4.65 
4.08 
(VOLTS) 
APPLIED 
&<1(50V 
Total) 
(1 
<1 
h - 8 &  
b - 1 0  
- 2 & 
- 3 
b-5,6-71<.01(3V 
3-9, 
- I 
12-13, 1 
14-15, 
16-17, / 
18-19. J 
nO-21 & 
1-22 
k - 2 &  
2 - 3  
$-5.6-74 
3-9, 
&"s"sEA 
(WATTS) 
34x10'3 
50% 
VOLTAGES 
APPLIED 
(VOLTS) 
RMS 
47 -0 
4.0 
2.1 
RATED 
23 
23 
62 
<1 
<1(50V 
Total)  
('Total) 
<. 01 (7V 
Total)  
<1 
-< 1 
1.51 
31.8 
9.37 
74.0 
3.68 
2.5 
3.24 
0.060 
0.12 
3.24 
_- 0.06 
DUTY 
CYCLE 
50% 
WINDING 
Rdc 
(OHMS) 
74.0 
7.4 
2.5 
< 50 
-945 
-128 
1.4wW 
7.4 
2.3 
9.55 
213 
60 
7.5 
2.3 
60 
I 
I 
_ _ _ _ _ _ _ _ _ _ _ _  
VOLTAGE 
BETWEEN 
WINDING (a) OR 
73. l m W  
1.069W 
1.054W 
COPPER 
LOSS 
+wfFm- 
(mw) 
10.7 
18.5 
9.55 
CORE (VOLTS) 
APPLIED 
<SO 
. 
RATED 
- 
1000 
" 
n 
TOTAL 
POWER LOSS 
V 
(WATTS) 
94.4iaW 
V T 
TEMP 
RISE 
ABOVE 
AMBIENT 
PC) 
REMARKS 
G u l t o n  Indus t r i es  Inc. i$fi ~g;~:~~;g',"',"',";:;;~::,,"'","'","'"'"" 
RATING AND STRESS DATA 
TRANSFORMER 
CONTRACTOR PESCO - 
SPEC NO.- 
EMD MODEL NO.-@% 
& A T  FREQUENCY OF OPERATION FOR DRIVE WlNDlNG ONLY 
4 
X E = 4 A C F  BMNS X I O - ~ ( V )  FOR m,E :4 .44ACF BMNS X I O - ~ ( V )  FOR N -FOR DRI\IE WINDINGS ONLY 
REMARKS 
n 2 
V' TOTAL POWER LOSS :CORE LOSS 3. Z Rd,X Irms ,WHERE lrms IS DETERMINED FOR EACH WINDING 
n - I  
T1 & T2 
T7 & T8 
- 
T9 & TI1 
T9 & T11 
R 
R 
- 
" 
" 
3 - 4  
14-15, 
16-17, 
18-19. 
- 
1 - 2 
3 - 4 6  
4 - 5  
4 - 5  1 20 17.1 90% 
1 - 2 &  
2 - 3 1 20 9x10~3 90% 
--- 
- 
- 
I 
0,021 
-- 
- 
1. 
1 
0.15 
0.15 
- 4 - Z m w  5.75 
-- 
. 
-- 
-. - - - ---- 
- 
- - --- -- -. 
-- -- 
- 
R 0.001 
- 
2 0 
144 
23 
23 
- 
-- -- 
I 
a 
- 
- -- 
4.1~ 
10-3 
1.0 
I .lx 
10-3 
3.5~ 
- 
-- - 
 
50% 
100% 
100% 
- 
-- - - 
1000 
1000 3.35 
58 
8.9 
3.4~/3ms 
2.25 
30.0 
5.0 
1 5 8 . 5 ~ ~ ~  
10 
9.6~ 
10-3 
71.0 
0.06 
167.1 
33.1 
60 
0.202 
0.405 
, 10.2mW 
ELect r ica l  Performance T e s t s  
Waveform photographs obtained d u r i n ~  t e s r s  pesformed on 
the  brea.dlaoard model are presalkted xi: ti~pend_kX 21, 
Each S t a t i c  I n v e r t e r  was subjected tc arrd passed, art Ae- 
cep,tarzce Test i n  accordance with Engineered Maglzeties 
Acceptance Test  procedure 712954, prior to shiproeilk t o  
Pesco Products.  A complete se t  of Acceptance Test Record 
Forms showing t h e  Acceptance T e s t  r e s u l t s  of EMIUIB4D 
S t a t i c  I n v e r t e r  S e r i a l  N o ,  25501 a r e  presented i n  Mppen-a 
d i x  II, 
S p e c i f i c  input  and output  data obka i i , ed  d i ~ . r i r ~ g  t h e  A c -  
ceptance Tes t s  performed on each of t h e  seven S t a t i c  In- 
v e r t e r s  a r e  presented on t h e  following tahle, (Specif ied 
requirements a r e  i n  pa ren theses ) ,  
---.-- -- 
f INPUT::  56VDC 
CONCLUSIONS AND RECOWENDATIONS 
T h e  e l e c t r i c a l  and mechanical d e s i g n  of Engineered Magnetics 
Model EMIU104D S t a t i c  I n v e r t e r  complies w i t h ,  o r  exceeds ,  t h e  
s p e c i f i e d  d e s i g n  requirements .  Redesign of t h e  low l e v e l  
r e g u l a t o r  may b e  r equ i r ed  a t  a  l a t e r  d a t e .  During t e s t i n g ,  
Pesco Products  observed t h a t  i f  t h e  DC bus v o l t a g e  i s  no t  
app l i ed  a s  a s t e p  f u n c t i o n ,  t h e  i n v e r t e r  can t u r n  on wi thout  
t h e  a p p l i c a t i o n  of  t h e  t u r n  on p u l s e ,  The source  of t h i s  
i s  l o c a t e d  i n  t h e  exponen t i a l  t ime curve of t h e  two i n t e r n a l  
t ime c o n s t a n t  c i r c u i t s  ( R 2 7  and C7, and R 2 8  and C 6 ) ,  These 
c i . r c u i t s  are a f f e c t e d  when sub jec t ed  t o  a slow r i s e  of input. 
v o l t a g e ,  Under t h i s  c o n d i t i o n ,  t h e  leakage c u r r e n t s  of Q8 
and Q9 e f f e c t  i n v e r t e r  o p e r a t i o n  t o  a g r e a t e r  e x t e n t  t han  
do t h e  RC t ime c o n s t a n t s .  
The pu l se  t u r n  on and/or t u r n  o f f  c i r c u i t s  can be reduced 
through t h e  use  o f  l a t c h i n g  r e l a y s .  This  change w i l l  e f f e c t  
t h e  i n v e r t e r  MTBF r e l i a b i l i t y  c a l c u l a t i o n .  
A f t e r  completion o f  t h e  t e s t  program a t  Pesco Products  and 
NASA Lewis, more r e a l i s t i c  system requirements  w i l l  be known 
and a  r e d u c t i o n  i n  s i z e ,  weigh t ,  and component p a r t  count  
can then  be i n i t i a t e d .  
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SPECIFICATIONS 
INPUT: DC VOLTAGE: 50 TO 60 VOLTS 
TURN ON PULSE: +2.4 TO +5.0 VOLTS 
TURN OFF PULSE: tZ.4 TO +5.0 VOLTS 
ZERO STATE: +O.ZZ VOLTS 
PULSE DURATION: 3.0 MILLISECONDS MINUMUM 
INDUCED RIPPLE: 3.6 AMPERES RMS 
WITH A DC SOURCE IMPEDANCE OF 
0.06 OHMS AT RUNNING LOAD. 
OUTPUT: 3 PHASE QUASI-SQUARE WAVE 
VOLTAGE: 
ZERO TO PEAK LINE TO LINE IS APPROXIMATELY INPUT LESS 1.5 
VOLTS 
RMS LINE TO LINE IS APPROXIMATELY 0.816 TIMES 
WAVEFORM: THE OUTPUT VOLTAGE IS QUASI-SQUARE VOLTAGE. 
T14E ZERO DWELL SHALL BE 60 r 5' AND THE PEAKS 
120 5'. 
PHASE ANGLE: 120 c 5' 
PHASE ROTATION: A-B-C I 
FREQUENCY: 400 1 4 Hz 
OVERLOAD PROTECTION: THE OVERLOAD PROTECTION SHALL OPERATE 
WITHIN 5 r 0.5 SECONDS AFTER THE STARTING 
LOAD IS APPLILD. 
PHASE LOAD UNBALANCE - THE LOAD (INDUCTION MOTOR) WILL BE BALANCED 
WITHIN 10 PER CENT IMPEDANCE PER PHASE. NO 
SINGLE PHASE LOADS WILL BE APPLIED. 
EFFICIENCY - EFFICIENCY AT RATtD INPUT VOLTAGE AND FULL MOTOR LMD 
SHALL BE NOT LESS THAN 85 PER CENT, AS A DESIGN OBJECTIVE. 
INSULATION RtSISTANCE - THE STATIC INVERTER SHALL EXHIBIT INSULATION 
RESISTANCE IN EXCESS OF 20 MEGOHMS, AT 100 PLUS OR MINUS 10 
VOLTS DC, BETMEEN ANY TERMINAL OR COMPONENT TO CASE WITH THE 
FOLLOWING EXCEPTION: AFTER EXPOSURE TO HUMIDITY, THE INSULATION 
RESISTANCE REQUIREMENTS SHALL BE REDUCED TO 5 MEGOHMS. 
OPEN CIRCUIT LOADING - THE STATIC INVERTER SHALL BE CAPABLE OF 
HAVING ITS LOM REMOVED WHILE POWER IS APPLIED TO THE INPUT OF THE 
INVERTER WITHOUT DETERMENTAL EFFECTS ON THE INVERTER. 
INSTRUMENTATION TWO OF THE PIUSE VOLTAGES SHALL BE TRANSFORMER ISOLATED AND COWERTED 
TO A DC SINGLE (PLUS OR MINUS 10 PER CENT), PROPORTIONAL TO THE 
RHS OUTPUT VOLTAGE. THE OUTPUT IMPEDANCE SHALL BE IK OHMS MAXIMUM, 
AND THE LOAD RESISTANCE SHALL BE lOOK OHMS MINIMUM. THE RIPPLE VOLTAGE SHALL 
BE 5 MV RMS MAXIMUM. THE MASTER OSCILLATOR FREQUENCY SHALL BE CONVETTED 
TO A 6.25 (PLUS 1.400 MINUS 0.000) VOLT PEAK-TO-PEAK AC SQUARE WAVE 
SINGLE AT THE NWINAL FREQUENCY OF 400 HERTZ. THE CIRCUIT SHALL BE CAPABLE 
OF DRIVING A NOMINAL IMPEDANCE OF 10K OHMS. 
' IN 4 INCH SPA 
HIDDEN LINES 
LN 
DIMENSIONS ARE IN INCHES. 
TOLERANCES ON 
ALOClNE 1200 
PER MIL-C-454 1 
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EMIUIO4D 


DESCRIPTEQH PARTNUMBER S'r'd, SPEC, CODE !DENT NO. 
- 
TUBE Erox 
E M  F O R M  1 7 7 5 4 C  
'9i 
DESCRIPTION 
S'i'isi, SPEC, CODE !DENT NO. 
i -- I;; 1 
. . . . .- . -.-a- 
.. -. -- - - - - -- - 
I--- C 
-_________--- i-- 
ASHER, FLT X I O  i 1 
1.3 
s w ~ a  %- ~CC 7 

DESCW IPTIQN 
"IFk PARTNUMBER SYM, SPEC, CODE lDEHT HQ. 
-- --- 
-- - - -- -- 
I :3i; L:_Y ~ f a ~  B V 2  2 '3K  
- - -- 
- - -  
, 1 y-; j C j & $ ?  (-J -pd 
- -  - - - - 
/ 8~~ 1 pp~ 2L2&5 -- 1 \ 2F 
-- 
i c 3  rTi<~T5?422 IF 
BESCRIPTSON, 
SVM, SPEC, CODE [DENT NO. 
-- - 
E A A s  
- 
DESCRIPTION 
SPEC, CODE IDEN7- NO, 
19 -54~; x
2&$ # - 7 B K f i _  
l?25 27,4+-. S L
- 
ITEM I PART NUMBER DESCRIPTION LEVEL SYM, SPEC, CODE IDENT NO. 
- - 
B A S 5 y  
-- . - 
\ - C.oRE EM75574 1 
\ TAPE 3M A/R 
I I 
SCALE -- 
EM F O R M  1 7 7 5 9 C  97 

DESCRIPTION 
PARTNUMBER 
E M  FOR i 7 7 5 9 ~ .  i 80 




DESCRIPTION 
PARTPIUMBER SYM, SPEC, CODE [DENT NO. 
N5FciFTMER TIOA 
-- - - - 
-. . . -. 
- -  -- 
- 
I l l  P ~ ~ ~ ~ ~ ~ N E E ~ A - R T ~ L ) ~ ~ ~ ~  1 1  
DESCRIPTION 
PARTNUMBER SYM, SPEC, CODE !DENT NO. 
I 
- -  
- -- --- -- - - -- 
-- 1 Rhi55C- - F .X 1 ' T I T  KES ES+ 5 . i . ~ , =  z.jnu,n 
-q ,-----=<- &6sm 147 49 I~ ~ k i d ~  BD +-~TA-ZT[~~E 
.- 
T, H E X  2T-.-z-B- 4 i / l L - Z 4  
I____ 
P 
t M  F O R M  1 7 7 5 Y L  *a" B WgJ 
DESCRIPTION 
2 IERICK 
E R T ,  1 N \ J s L ~ L A T Q % %  
~ ~ < N ~ u L  ATOR 
ERT , I N i;t~ LKToR 
-- 
- 
PAP 
% p-s, R F 1 A>$ =3 t;-k\(\EA'LN9 
--- -- 
%;: F' % 3HjELD 
-- -- -- - 
DESCRIPTION. 
PARTNUMBER SYM, SPEC, CODE IDEN-% NO. 
. 
PARTNUMBER DE IDEMT NO. 
TET4ia\ BD TS\ \  
. . . .- 
CABLE-TIE  
-- .. -. -- - . - . - . . . - 
-- 
-.-PAP- -- 
. - .- - -  -- -- 
C o M P  B D  ASSY TBiO 
ZIERICK 
QTY 
WEQ 
E M  F O R M  1 7 7 5 9 ~  i 09 
APPENDIX I1 
WAVEFORM PHOTOGRAPHS (BREADBOARD) 
AND 
ACCEPTANCE TEST RECOFtD FORMS 
(UNIT SERIAL NUMBER 25506)  
WAVEFOKM PHOTOGRAPHS 
I .  F igu res  1 and 2 show i n i t i a l  i n r u s h  c u r r e n t  when t h e  
i n v e r t e r  i s  n o t  o p e r a t i n g ,  Th i s  c u r r e n t  B s  charg ing  t h e  
audio f i l t e r  c a p a c i t o r s .  The peak c u r r e n t  i s  approxi-  
mately 260 amperes. 
2 .  F igu re s  3 through 6 show in rush  c u r r e n t s  on bo th  running 
and s t a r t i n g  loads  a t  50 and 60 v o l t s  DC i npu t .  
3 .  F igu re s  7 through LO cover t h e  induced r i p p l e  kicked 
back i n t o  t h e  DC power source  d u r i n g  running and s t a r t i n g  
loads  a t  bo th  50 and 60 v o l t s  DC.  Ths maximum i n v e r t e r  
r i p p l e  i s  2.8 amperes peak-to-peak a t  2400 H z .  The 3 . 3  
amps peak-to-peak is  a  r e s u l t  of modulation o r  r i p p l e  
from t h e  DC power source .  Th i s  r i p p l e  has  a  320 H z  
r e p  r a t e .  
4 .  F igure  11 shows t%e  AC In s t rumen ta t ion  ou tpu t .  This  
s i g n a l  does n o t  meet t h e  s p e c i f i c a t i o n  requirements  a s  
f a r  a s  peak-to-peak ampli tude.  T h i s  w i l l  be co r r ec t ed  
on t h e  produc t ion  u n i t s  by changing t h e  t ransformer  
t u r n s  r a t i o ,  
5. Figures  1 2  and 13 show Qll, VcE V s .  PC, a t  running load 
and 50 t o  6 0  v o l t s  DC i npu t .  Ql is  t h e  pas s  o r  c o n t r o l  
element i n  t h e  p u l s e  width r e g u l a t o r  t h a t  s u p p l i e s  
r egu la t ed  DC power t o  t h e  d r i v e r  s t a g e s .  
6 .  Figures  14 and 15  show Q L ,  VcE Vs. IC9 a t  s t a r t i n g  load 
under bo th  50 and 6 0  v o l t s  DC i n p u t ,  There is a  low 
frequency modulation appear ing  on bo th  t h e  VCE and IC 
waveforms. Th i s  i s  a r e s u l t  s f  t h e  induced r i p p l e  
from t h e  i n v e r t e r  passing load cur ren t  through the  
sense r e s i s t o r ,  R 7 ,  There i s  a d i f f e r e n c e  of approxi- 
mately cne ampere peak between Figures  l 3  and 15, This 
i s  a  r e s u l t  of the  increased d r i v e  power supplied during 
s t a r t i n g  load. 
7 .  Figures  16 and 1 7  show VCE V s ,  IC f o r  Qll. Ql1 i s  the  
s e r i e s  c o n t r o l  element i n  the  low l e v e l  s e r i e s  r egu la to r  
t h a t  supp l i e s  power t o  the  o s c i l l a t o r  s t ages .  
8 .  Figures  18 through 2 1  show VCE and IC waveforms 
f o r  Q13, an ZAfl o s c i l l a t o r  t r a n s i s t o r ,  a t  both loads 
and 60 v o l t s  DC input .  Figures  26 through 29 cover 
the  same po in t s  f o r  Q 1 7 ,  a B$3' o s c i l l a t o r  t r a n s i s t o r ,  
f o r  comparison with Q13 
9.  Figures  2 2  through 2 5  show VCE and IC waveforms f o r  
(215, an A@ d r i v e r  t r a n s i s t o r ,  a t  both loads and 60 
v o l t s  DC input .  Figures  30 through 3 3  cover t h e  same 
poin ts  f o r  Q19, a  B@ o s c i l l a t o r  t r a n s i s t o r ,  f o r  
comparison with Q15. The d i f f e r e n c e  between t h e  c u r r e n t  
waveforms, f i g u r e s  23 and 25, i s  a  r e s u l t  of t h e  r e a c t i v e  
energy d i f f e r e n c e  between running and s t a r t i n g  loads.  
There i s  more energy kicked back i n t o  t h e  i n v e r t e r  
o u t p l t  s t age .  This  cu r ren t  passes  through t h e  output  
t r a n s i s t o r  emitter-base diode p lac ing  an a d d i t i o n a l  load 
on the  d r i v e r  s t age .  
10. Figures  34 and 35 show the  VcE waveform of Q25, an output  
t r a n s i s t o r  dur ing  running load a t  50 and 60 v o l t s  DC. 
Figures  38 and 39 cover t h e  same po in t s  b u t  a t  s t a r t i n g  
load. 
l 1 .  F i g u r e s  36 and 37 show t h e  IC waveform for 425. During 
r u n n i n g  load  and i n p u t  v o l t a g e s  of  50 and 60 v o l t s  DC!. 
t h e  n e g a t i v e  c u r r e n t  i s  a r e s u l t  o f  r e a c t i v e  l o a d i n g ,  
F i g u r e s  40 and 4 1  show t h e  same c o n d i t i o n s  b u t  a t  
s t a r t i n g  l o a d .  
1 2 ,  F i g u r e s  42 and 43 show t h e  forward c u r r e n t  t h a t  p a s s e s  
th rough  CRl2 and CR14 d u r i n g  r u n n i n g  load  and a t  50 and 
60 v o l t s  DC i n p u t .  A s  t h e  load  P.F. i s  a p p r o x i m a t e l y  
0 .8  l a g g i n g  a t  t h e s e  c o n d i t i o n s ,  t h e r e  i s  v e r y  l i t t l e  
r e a c t i v e  c u r r e n t .  
13 .  F i g u r e s  44 and 45 show t h e  forward c u r r e n t  t h a t  p a s s e s  
th rough  CRl2 and CR14 d u r i n g  s t a r t i n g  l o a d  and a t  
50 and 60 v o l t s  DC i n p u t ,  The load  P.F. i s  approx i -  
m a t e l y  0.3 l a g g i n g  a t  t h i s  c o n d i t i o n .  The peak 
forward c u r r e n t  is  50 amperes f o r  less t h a n  1/6 of  a  
c y c l e .  
14 .  F i g u r e s  46 t h r o u g h  49 show VCE Vs. Iline f o r  r u n n i n g  
and s t a r t i n g  l o a d s  a t  50 and 60 v o l t s  DC i n p u t .  
1 5 .  F i g u r e s  50 th rough  53 show VA - 
' l i n e  f o r  runn ing  
and s t a r t i n g  l o a d s  a t  50 and 60 v o l t s  DC. 
INRUSH CUmENT 
FIGURE 1 
Vert. = 100 Amp/~m 
Roriz, = 1 MS/C~ 
Input = 50 Volts DC 
Load = No Load 
FIGURE 2 
Vert. = 100 Amp/~m 
Horiz. = 2 MS/C~ 
I n p ~ t  = 60 Volts DC 
Load = No Load 
FIGURE 3 
Vert. = 20 Amp/Cm 
Horiz. = 2 MS/C~ 
Input = 50 Volts DC 
Load = Running 
FIGURE 4 
V e r t  . = 2 0  ~ m p / C m  
Roriz, = 2  M S / C ~  
I n p u t  = 60 volts DC 
L o a d  = R u n n i n g  
F IGURE 5 
V e r t  . = 100 ~ r n p / C m  
H o r i z  = 1 M S / C ~  
I n p u t  = 50 V o l t s  DC 
L o a d  = S t a r t i n g  
FIGURE 6 
~ e r t  . = 100 ~rnp/Crn  
H o r i z  = 1 M S / C ~  
I n p u t  = 60 V o l t s  DC 
Load = S t a r t i n t . - ;  
INDUCED R I P P E E  
FIGURE 7 
V e r t  . = 1 ~ m p / C r n  
N o r i z .  = 1 M S / C ~  
I n p u t  = 50 V o l t s  DC 
Load = R u n n i n g  
F IGURE 8 
V e r t .  = 1 Amp/Cm 
H o r i z .  = 1 M S / C ~  
Inpu t  = 60 V o l t s  DC 
L o a d  = R u n n i n g  
F IGURE 9 
V e r t .  = 1 ~ r n p / C m  
H o r i z .  = 1 M S / C ~  
Inpu t  = 50 V o l t s  DC 
L o a d  = S t a r t i n g  
FIGURE 10 
Ver t , = X ~rnp/~rn 
H s r i z ,  = 1 MS/G~ 
Inpzt = 60 V o l t s  DC 
Load = S t a r t i n g  
F I G U R E  91 
V e r t ,  = 2 ~ o l t s / ~ m  
Hariz, = 5 0 0  p s / ~ m  
Input = 60 V o l t s  DC 
FIGURE 1 2  
Vert. 1 = 1 ~ m p / c r n  
Vert. 2  = 2 0  V o l t s / C m  
Woriz. = 5 0  p s / ~ m  
I n p u t  = 5 0  V o l t s  DC 
Load = Ruaninc: 
F I G r n E  13 
Vert . 1 = L ~ m p / ~ m  
V e r t ,  2 = 20 V o l t s / C m  
Woriz, = 50 y s / ~ m  
Input = 60 V o l t s  DC 
Load = Running 
FIGURE 14 
V e r t ,  I.. = 1 ~ m p / C m  
V e r t ,  2 = 20 v o l t s / C m  
H o r i z  - = 50 ys /Cm 
I n p u t  = 50 V o l t s  BC 
L o a d  = S t a r t i n c  
FIGURE 15 
V e r t  . 1 = 1 ~ r n p / C m  
V e r t .  2 = 20 ~ o l t s / ~ m  
M o r i z ,  = 50 ys /Cm 
Xnput = 6 0  V o l t s  DC 
toad = S t a r t i n ? ?  
FIGURE 16 
V e r t  . 1 = 0.5  Amp/Cm 
V e r t .  2 = 2 0  ~olts/crn 
H o r i z .  = 2 M S / C ~  
I n p u t  = 50 V o l t s  DC 
L o a d  = S t a r t i n q  
FIGURE 17 
V e r t .  1 = 0 .5  Arnp/Cm 
V e r t .  2 = 2 0  ~ o l t s / ~ r n  
H o r i z .  = 2 M S / C ~  
I n p u t  = 60 V o l t s  DC 
L o a d  = Sta r t in7  
FIGURE 18 
V e r t .  = 2 0  V o l i $ ~ m  
H o r i z .  = 500 ys /Cm 
I n p u t  = 60 Volts DC 
Load = R u n n i n g  
F P W R E  19 
V e r t .  = O , I  ~rnp/C!m 
H o r i z .  = 500 w s / ~ r n  
Input = 60 V o l t s  DC 
L o a d  = R u n n i n g  
F I G U R E  20 
V e r t .  = 20 Vo l t /Crn  
H o r i z .  = 500 ps/cm 
I n p u t  = 60 V o l t s  DC 
L o a d  = S t a r t i n g  
FIGURE 2 1  
V e r t .  = 0 . 1  ~ m p / C m  
H o r i z .  = 500 W S / C ~  
I n p u t  = 60 V o l t s  DC 
L o a d  = S t a r t i n g  
F I G m E  
Vert, 
Horiz, 
I n p u t  
L o a d  = 
2 2  
= 20 ~ o % t s / ~ m  
= 500 p.s/Cm 
= 60 V o l t s  DC 
R u n n i n g  
FIGURE 23 
V e r t .  = 1 ~ m p / C m  
R o r i z .  = 500 bs/Crn 
I n p u t  = GO V o l t s  DC 
Load = R u n n i n a  
FIGURE 24 
V e r t ,  = 2 0  ~ o l t s / C r n  
Moriz, = 500 ps /Cm 
Xnpuk = 60 V o l t s  DC 
L o a d  = S t a r t i n g  
PEGIJm 2 5  
V e r t  . = 1 ~rnp/Crn 
Ror i z .  = 500 ps/Cm 
I n p u t  = 60 V o l t s  DC 
Load = S t a r t i n g  
FIGURE 26 
V e r t ,  = 20 ~ o l t / C m  
Hor iz .  = 500 ps/Cm 
I n p u t  = 60 Vo l t s  DC 
Load = Running 
FIGURE 27 
Ver t .  = 0.1  ~rnp/Cm 
Noriz .  = 500 ps/Cm 
I n p u t  = 60 V o l t s  DC 
Load = Running 
FIGURE 2 8  
V e r t .  = 2 0  V o l t / C m  
B o r i z ,  = 500 y s / ~ m  
I n p u t  = 60 V o l t s  DG 
Load = Starting 
FIGURE 2 9  
V e r t .  = 0 . 1  ~ m p / C m  
H o r i z .  = 500 p s / ~ m  
I n p u t  = 60 V o l t s  DC 
L o a d  = S t a r t i n ?  
FIGURE 3 0  
V e r t .  = 2 0  V o l t / C m  
H o r i z .  = 500 ~ s / C r n  
I n p u t  = 60 V o l t s  DC 
Load = R u n n i n q  
FIGURE 3 1  
Vc re ,  = I ~ m p / ~ m  
H o r l z .  = 500 bs/Crn 
I n p u t  = 60 V o l t s  DC 
L o a d  = Running 
FIGURE 3 2  
V e r  t . = 1 ~ m p / C r n  
H o r i z .  = 500 ks/Crn 
I n p u t  = 60 V o l t s  DC 
L o a d  = S t a r t i n \  
FIGURE 3 3  
V e r t .  = 20 v o l t s / C r n  
Horiz. = 500 ps/Crn 
I n p u t  = i O  V o 1 t . s  DC 
L o a d  = S t a r t i n g  
FIGURE 34 
V e r t ,  = 2 0  V o l t s / ~ m  
R o r i z .  = 500 v s / ~ m  
I n p u t  = 50 V o l t s  DC 
L o a d  = R u n n i n ~  
FIGURE 35 
V e r t .  = 2 0  V o l t s / ~ r n  
H o r i z .  = 500 b s / ~ m  
Inpu t  = 60 V o l t s  DC 
L o a d  = R u n n i n g  
FIGURE 3 
V e r t  . = 5 ~ m p / ~ m  
Woriz. = 500 ps/cm 
T n p u t  = 50 V o l t s  DC 
1 ,oad  = R , , ~ n n i n q  
FIGURE 3 3  
V e r t .  = 5 ~ m p / ~ r n  
H o r i z .  = 500 ks/Crn 
I n z J : t  = 60 V o l t s  DC 
L o a d  = Runninq 
FIGURE 38 
V e r t .  = 2 0  ~ o l t / C r n  
H o r i z .  = 500 ps /Cm 
I n p u t  = 50 V o l t s  DC 
L o a d  = S t a r t i n . ?  
FIGURE 3 9  
V e r t .  = 2 0  ~olt/crn 
H o r i z .  = 500 ws/Crn 
I n p u t  = 60 V o l t s  DC 
L o a d  = S t a r t i n g  
FIGURE 4 1  
V e r  t . = 10 ~rnp/~rn 
H o r i z .  = 500 ~ s / C r n  
I npu t  = 60 V o l t s  DC 
L o a d  = S t a r t i n g  
C R 1 2  a n d  14 IF 
FIGURE 4 2  
V e r t .  = 5 ~ m p / c m  
H o r i z .  = 500 b s / c m  
Xnput = 50 V o l t s  DC 
Load = R u n n i n ;  
FIGURE 43 
V e r  t . = 5 ~ m p / C m  
H o r i z .  = 500 ps/Crn 
I n p u t  = 60 V o l t s  DC 
L o a d  = R u n n i n ~  
FIGURE 44 
V e r t  . = 10 Amp/Crn 
H o r i z .  = 500 bs/~rn 
I n p u t  = 50 V o l t s  DC 
L o a d  = S t a r t i n g  
FIGURE 45 
V e r t .  = 10 Amp/Cm 
H o r i z .  = 500 ps /Cm 
Inpu t  = 60 V o l t s  DC 
L o a d  = S t a r t i n g  
FIGURE 46; 
Vert . 1 = EO ~rnp/Crn  
V € r t .  2 = 2 0  V O ~ ~ / C K L  
Horzz. = 500 ws/~rn 
1;:pi-i = 50 V ' z l t s  DC 
Load = Rdnnin 
F I G U R E  .-i7 
V e r t .  1 = 10 ~rnp/cm 
V e r t .  2 = 2 0  volt/crn 
H o r i z .  = 500 k s / ~ m  
I n p u t  = 60 V o l t s  DC 
L o a c  = R u n n i n ;  
FIGURF, 48 
V e r t .  1 = 50 ~ m p / C m  
V e r t .  2 = 2 0  V o l t / C m  
H o r i z .  = 500 ps /Cm 
I n p u t  = 50 V o l t s  DC 
L o a d  = S t a r t i n g  
FIGURE 49 
V e r t .  1 = 50 ~ m p / c m  
V e r t .  2 = 2 0  V o l t / c m  
R o r i z .  = 500 ps/Crn 
I n p u t  = 60 V o l t s  DC 
L o a d  = S t a r t i n g  
V~~ Vs * l i n e  
FIGURE 50 
V e r t .  1 = 2 0  V o l t / C m  
V e r t  . 2  = 5 0  Amp/Crn 
H o r i z .  = 500 ps/~rn 
I n p u t  = 50 V o l t s  DC 
L o a d  = R u n n i n q  
FIGURE 52 
V $ r t . .  1 = 2 0  V  llt/crn 
V e r t .  2 = 50 ~rnp/cm 
H o r i z .  = 500 ,s/cm 
I n p u t  = 50 V o l t s  DC 
Load = Stsrtl :?- 
FIGURE 5 3  
V e r t .  1 = 2 0  V o l t / c m  
V e r t .  2 = 50 ~rnp/cm 
H o r i z .  = 500 +s/C!rn 
I n p u t  = 60 V o l t s  DC 
L o a d  = Starti:?*; 
UALI'PY ASSU 
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mum) 
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C m R  Jl PINS TO CASE GBO gohms (20 megohma 
TEmPWBm Tl through T5 to CASE GRO egohms 7 or greater) 
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FICUM 3.. EBCCEP E TEST RECORlD FORM. 
CUL TRlM, Pm. 
Engineered PS.rgnsa ics D i v i .  ion 
ENGZNEgRED MPbGWmCS MOBz EMXULO4B 
ING S'$ARTING LOAC 
f 8 A ~  Output Frquency Hz WE Output Frequent-y 4 E  Hz 
8BC Output Frequency He $BC Output ~ r a ~ u e n c ~ -  Hz 
@CA Output F requ-ency HZ &A Output Frequency Hz 
ACCdPTABLE PERFORMANCE 
The output frequency ehall r m a r n  between 396 to 404 HZ. 
The unit shall r q u i r a  no warm-up time, 
DURING RUNNING I S U 9 D  
BC REF ~ ~ $ c ~  L-ir)~'' 
TIMEBASE 336 4 j r p  '/h 
V 'CM ---- . ,'W 
PWASE DISPLACEMENT 
@A-R ::eofdec . 
$ 8 ~ - C  1 2 0. ( degr-es.  
degrees. 
PHASE ROTATION % . 
(C~.~ . .C -  ( J) I , - c ' p +  a): 1 2 )  
EmAI3LE PERFORMANCE 
i. The output waveform shall be a quaai-squarawave w l t t ,  a zero 
dwell time of 60 f 5 degrees and the peaka of 120 2 5 degrees. 
2. The output phae. d i s p l a c m e n t  shall not exceed 120 2 5 degrees. 
3 .  The peak output voltage shall be approxlmtely two volts less 
than the DC lnput voltage. 
4. Phase rotat ron .hall be A-B-C as observed  hy  t h e  : * ? s e  rat ;t 1 , r  
~ g h t  s 3 n  the Load Bank. 
FIGURE 2 ,  ACCEPTANCE TEST RECORS POW.  
CODE IDENT NO. SIZE I 
T a  It TR3116, I1IIC. 
Bnginrrsrrrd mgnrrticr Divia i sn  
ENGINEERE=%) MAGNETICS MODEL mIU1048 
aei~s /1- 2 3 - 6 8  
SERIAL NUMBER 5'S'D b 
T E ~ E B A T U R E  729'  
5 . 2  OUTPUT WAVEFORM AND PHASE ROTATIOU (CWT'D) 
3 . 4 . 3  and 3 .4 .0 )  
IHo GTARTZNO LQAD 
PEASE ROTATION cl-. A, 
(Check ( / )  ~f &cc&ptabla) 
1, The output waveform rhall be a quasi-sqwrrswave with a zero 
dwell time of 69 f 5 degrees and the peak& of 1 2 0  2 5 degrees. 
2, 7%. output phaee diaplacment rhall not axcsed l20f 5 degrees, 
3, $he peak output voltage ehall be appraxrmately two volt& less 
than the M: input voltage. 
4, Phase rotation shall be A-B-C a8 obaerved by the p h a ~ s  ro t a tkon  
1 ights on the Load Bank. 
FIG 3 ,  A C C I P T A E E  TmT R K O W  F O m .  
GmTOPS P M D U S m f E ,  I N C .  
Engineered M a q n e t  i c e  Div 1s ~ o n  
,2NGINERRED MAGNETICS MODZL Ffi IU104D 
5.3 EPFIC I ENCY 
DC INPUT: 
VOLTS a-6 CVRR&NT 9.g w ~ ~ ~ s 3 - y  f i  
@ OUTPUT: 
VOLTS v2 
Bc PVT: 
ACCEPTABLE PZRFQPMAFJC'C 
me efficiency shall n o t  be less t h a n 8 5  percent  n t  RUNNING LOAD. 
erA OVTPVT C U R U N T  22-q~ &-“ AMLPS 
@B OVTPU'f C ms 
BC OVTPVT C MPS 
ACCEPTABLE PZWURMAPJC 2 
The output current shall be approximately 51 amps per pha-c1 st 
56 VDC ~ n p u t .  
PPWm 4. ACCEPTABJCE TEST = C O W  POW. 
C a N N  ImWTWIES, XNC. 
Engineered Magnetics Division 
ENCINF:;Rm MWGNETfCS MODEL %PUPO"CB 
T E C H N I C  fA 
n Q U A L I T Y  ASSURANCE J< , , 
5 . 5  OUTPUT INSTRUMENTATION 
dCA O u $ p u t  V o l t  a g e  T I N G  LOAD 
OA-C O u t p u t  V o l t a g  T A R T I N G  LOAD 
(ZIA-C O u t p u t  V o l t a g e  S e n s e  Rmvns (5 RkQS MAX.) S T A R T I N G  LOAD 
RMS ( 5  RMS MAX.) RUNNING I D A D  
O u t p u t  V o l  tsge S e  
( 0 . 1  X &ICA O u t p u t  s = @A-C O u t p u t  V o l t a g e  Sense 
vr>c 2 0.30)CI, / j t  S T A R T I E  UlAD 
RUNNIlflG m D  
@A-C O u t p u t  V i f  a c c e p t a b l e )  . S T A R T I N G  LOAD 
c c r l p t a b l e )  LL . RUNNING LOAD 
(dXB O u t p u t  V o l t a g e  T I H G  LQAB 
@A-B o u t p u t  vo1 
@A-B O u t p u t  V o l t a g e  Sense EPiFas (5  MV RMS MAX.) S T A R T I N G  LOAD 
llans (5 E4V RPIS MWX.) RUNNING LOAD 
O u t p u t  V o l t a g e  
( 9 . 1  x 0 u  t V o l t a g e  S e n s e  
) v . S T A R T I N G  LOAD 
) &----. R U N N I N G L O A D  
Frequency Srgnal  h p l i t u d e  0.000 V P - P )  S 
0.009 V P - P )  R 
ua re  w a v e )  S T A  
u a r e  wave) RUNNING LOAD 
(406 H z  no 
HZ ( 4 0 0  H z  no 

DISTRIBUTION LIST 
NASA Lewis Research Center 
21000 Brookpark Road 
Cleveland,  Ohio 44135 
At t en t ion :  
Cont rac t  Manager (5 )  J. H, Shank ( 5 )  
Mail Stop 500-201 Mail S top  500-202 
Brayton P r o j e c t  Of f i ce  (25) P .  A. Tho l lo t  ( 5 )  
Mail Stop 500-201 Mail Stop 500-201 
H. 0.  Slone (1 A. S, Vale r ino  (1 
Mail S top  500-201 Mail S top  500-202 
D.  R. Packe (1) H. A.  Shumaker (1) 
Mail S top  500-201 Mail S top  500-202 
R .  E .  Engl i sh  (1) W. L.  S tewar t  (1 
Mail S top  500-201 Mail S top  77-2 
B . Lubar sky 
Mail S top  3-3 
(1) Lib ra ry  (2)  
Mail S top  60-3 
J. E.  D i l l e y  (1) Report  Cont ro l  (1 1 
Mail S top  500-309 Of £ i c e  
M a i l  S top  5-5 
D. G. Beremand (1 R e l i a b i l i t y  & (1) 
Mail S top  500-201 Q u a l i t y  A s s u r -  
ance O f f i c e  
Mail S top  500-111 
W. T. Wintucky (1) Technology U t  ili- (1) 
Mail S top  500-201 z a t i o n  Of £ i c e  
Vince Hlavin  (1) Mail S top  3-19 
Mail S top  3-14 
NASA Lewis Research Center  Nat iona l  Aeronaut ics  & Space Adm. 
Plum Brook S t a t i o n  Washington, D,  C.  20546 
Taylor  Road A t t e n t i o n :  P. R. M i l l e r  (1) 
Sandusky, Ohio 44870 Code RNP 
A t t e n t i o n :  J, C .  N e t t l e s  (2 )  
Mail Stop 1441-1 H. D ,  Rochen (1) 
Code RNP 
NASA S c i e n t i f i c  & Technical  Informat ion F a c i l i t y  
Pos t  O f f i c e  Box 5700 
Col lege l a r k ,  Maryland 20740 
A t t e n t i o n :  Acqu i s i t i ons  Branch (SQT-34054) (1 + r ep roduc ib l e )  
NASA A m e s  Research Center 
Moffe t t  F i e l d ,  C a l i f o r n i a  94035 
A t t e n t i o n :  L ib ra ry  (1 
NASA F l i g h t  Research Center 
Pos t  O f f i c e  Box 273 
Edwards, C a l i f o r n i a  93523 
A t t e n t i o n  : Lib ra ry  (1) 
NASA Goddard Space F l i g h t  Center  
Greenbel t ,  Maryland 20771 
A t t e n t i o n :  L ib ra ry  (1) 
J e t  Propuls ion  Laboratory 
4800 Oak Grove Drive 
Pasadena, C a l i f o r n i a  91103 
A t t e n t i o n :  L ibra ry  (1) 
NASA Langley Research Center 
Langley S t a t i o n  
Hampton, V i r g i n i a  23365 
A t t e n t i o n :  L ib ra ry  
NASA Manned Spacec ra f t  Center  
Houston, Texas 77058 
At t en t ion :  L ib ra ry  (1 
A. Redding - EP-5 (1) 
NASA Marshal l  Space F l i g h t  Center  
Marshal l  Space F l i g h t  Center ,  Ala.  
35812 
A t t e n t i o n :  L ib ra ry  (1) 
Aerojet-General  Corporat ion 
1100 W e s t  Hol lyva le  
Azusa, C a l i f o r n i a  91702 
A t t e n t i o n :  L ib ra ry  
Aerospace Corporat ion 
P o s t  O f f i c e  Box 95085 
Los Angeles, C a l i f o r n i a  91745 
A t t e n t i o n :  L ib ra ry  (1 
AiResearch Manufacturing Co. 
402 South 36 S t r e e t  
Phoenix, Arizona 85034 
At t en t ion :  L ib ra ry  (1) 
Lyle  S i x  (1) 
AiResearch Manufacturing Co. 
9851 Sepulveda Boulevard 
Los Angeles, C a l i f o r n i a  90009 
At t en t ion :  L ib ra ry  (1 
AiResearch Manufacturing Co, 
2525 W. 190 Street 
Torrance,  C a l i f o r n i a  90509 
A t t e n t  ion:  L ib ra ry  (1) 
Bat te l le  Memorial I n s t i t u t e  
505 King Avenue 
Columbus, Ohio 43201 
A t t e n t i o n :  L ib ra ry  (1 
Bendix Research Labs Div i s ion  
D e t r o i t ,  Michigan 48232 
A t t e n t i o n :  L ib ra ry  (1) 
Boeing Company 
Aerospace Div is ion  
P o s t  O f f i c e  Box 3707 
S e a t t l e ,  Washington 98124 
A t t e n t i o n :  L ib ra ry  (1) 
Borg-Warner C o r p o r a t i o n  
Pesco  P r o d u c t s  D i v i s i o n  
24700 North M i l e s  Road 
Bedford,  Ohio 44146 
A t t e n t  i o n  : L i b r a r y  (1 
L. E .  Gebacz ( 2 )  
Bureau of  Naval Weapons 
Department o f  t h e  Navy 
Washington, D .  C .  20025 
A t t e n t i o n :  Code RAPP (1) 
C o n t i n e n t a l  A v i a t i o n  & 
Engineer ing  Corp . 
12700 Kercheval  Avenue 
D e t r o i t ,  Michigan 48215 
A t t e n t i o n :  L i b r a r y  (1) 
Cur t i s s -Wr igh t  C o r p o r a t i o n  
Wright  Aero D i v i s i o n  
Main & P a s s a i c  S t r e e t s  
Woodridge, New J e r s e y  07075 
A t t e n t i o n :  L i b r a r y  (1) 
Genera l  Dynamics C o r p o r a t i o n  
16501 Brookpark Road 
Cleve land ,  Ohio 44142 
A t t e n t i o n :  L i b r a r y  (1) 
Genera l  E l e c t r i c  Company 
Mechanical  Technology Labora to ry  
R & D Cen te r  
Schenectady,  New York 12301 
A t t e n t  ion :  L i b r a r y  (1) 
Genera l  E l e c t r i c  Company 
Space  D i v i s i o n  
C i n c i n n a t i ,  Ohio 45215 
A t t e n t  i o n  : L i b r a r y  (1) 
Genera l  E l e c t r i c  Company 
Re-entry & Environmenta l  S y s ,  Div. 
3198 Ches tnu t  S t r e e t  
P h i l a d e l p h i a ,  Pa. 19104 
A t t e n t i o n :  L i b r a r y  (1) 
Genera l  Motors C o r p o r a t i o n  
I n d i a n a p o l i s ,  I n d i a n a  46206 
A t t e n t i o n  : L i b r a r y  (1 1 
Hughes A i r c r a f t  C o r p o r a t i o n  
C e n t i n e l a  & T e a l e  Avenue 
Culver  C i t y ,  C a l i f o r n i a  90230 
A t t e n t i o n :  L i b r a r y  (1) 
I n s t i t u t e  f o r  Defense Ana lyses  
400 Army-Navy Drive 
A r l i n g t o n ,  V i r g i n i a  22202 
A t t e n t i o n :  L i b r a r y  (1 
Lear  S i e g l e r ,  I n c .  
3171 S.  Bundy D r i v e  
S a n t a  Monica, C a l i f o r n i a  90406 
A t t e n t i o n :  L i b r a r y  (1) 
Lockheed Missiles & Space Co. 
P o s t  O f f i c e  Box 504 
Sunnyvale,  C a l i f o r n i a  94088 
A t t e n t i o n :  L i b r a r y  (1) 
McDonnell Douglas A s t r o n a u t i c s  Co. 
5301 Bolsa  Avenue 
Hunt ing ton  Beach, C a l i f o r n i a  92647 
A t t e n t i o n :  L i b r a r y  (1 
McDonnell Douglas ~ s t r o n a u t i c s  Co. 
3000 Ocean Park  Boulevard 
S a n t a  Monica, C a l i f o r n i a  90406 
A t t e n t i o n :  L i b r a r y  (1) 
M a s s a c h u s e t t s  I n s t i t u t e  of 
Technology 
Cambridge, M a s s a c h u s e t t s  02139 
A t t e n t i o n :  L i b r a r y  (1 
Mechanical  Technology 
I n c o r p o r a t e d  
968 Albany-Shaker Road 
Latham, New York 12110 
A t t e n t i o n :  L i b r a r y  
North American Rockwell Corp. 
Space D i v i s i o n  
12214 Lakewood Boulevard 
Downey, C a l i f o r n i a  90241 
A t t e n t i o n :  L i b r a r y  (1) 
Northern  Research  & 
Engineer ing  Co . 
219 Vassar  S t r e e t  
Cambridge, Massachuse t t s  02139 
A t t e n t i o n :  L i b r a r y  (1) 
Power In fo rmat  i o n  Cen te r  
U n i v e r s i t y  of  Pennsy lvan ia  (1) 
3401 Market S t r e e t ,  Room 2107 
P h i l a d e l p h i a ,  Pennsy lvan ia  19104 
S o l a r  
Div, of I n t e r n a t i o n a l  H a r v e s t e r  
2200 P a c i f i c  Highway 
San Diego, C a l i f o r n i a  92112 
A t t e n t i o n :  L i b r a r y  (1) 
Space Systems D i v i s i o n  
Los Angeles  A i r  Force  S t a t i o n  
Los Angeles ,  C a l i f o r n i a  90045 
A t t e n t i o n :  L i b r a r y  (1) 
Suns t rand  Denver 
2480 West 70 Avenue 
Denver,  Colorado 80221 
A t t e n t i o n :  L i b r a r y  (1 
TRW Systems 
One Space Park  
Redondo Beach, C a l i f o r n i a  90278 
A t t e n t i o n :  L i b r a r y  (1) 
U. S, Army Engineer  R & D Labs 
Gas Turb ine  T e s t  F a c i l i t y  
F o r t  B e l v o i r ,  V i r g i n i a  22060 
A t t e n t i o n :  W ,  C r i m  (1) 
Uni ted  A i r c r a f t  C o r p o r a t i o n  
P r a t t  & Whitney A i r c r a f t  Div. 
400 Main S t r e e t  
E a s t  H a r t f o r d ,  Conn. 06108 
A t t e n t i o n :  L i b r a r y  (1) 
Uni ted  A i r c r a f t  Research  Lab 
E a s t  H a r t f o r d ,  Conn. 06108 
A t t e n t i o n :  L i b r a r y  (1) 
Westinghouse E l e c t r i c  Corp. 
A s t r o n u c l e a r  Labora to ry  
P o s t  O f f i c e  Eox 10864 
P i t t s b u r g h ,  Pennsy lvan ia  15236 
A t t e n t i o n  : L i b r a r y  (1) 
Wi l l i ams  Research  
Walled Lake,  Michigan 48088 
A t t e n t i o n :  L i b r a r y  (1) 
TRW A c c e s s o r i e s  D i v i s i o n  
23555 E u c l i d  Avenue 
Cleve land ,  Ohio 44117 
A t t e n t  ion :  L i b r a r y  (1) 
